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Abstract 
 
COMPUTATIONAL AND EXPERIMENTAL INVESTIGATION ON THE WETTING 
BEHAVIOR OF DROPLET-FIBER SYSTEMS 
 
By Hossain Aziz, M.S. 
A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy at Virginia Commonwealth University. 
Virginia Commonwealth University, 2019 
Director: Hooman V. Tafreshi 
Professor, Department of Mechanical and Nuclear Engineering 
 
 
Interaction of a liquid droplet and a fiber or layer of fibers is ubiquitous in nature and in a variety 
of industrial applications. It plays a crucial role in fog harvesting, coalescence filtration, 
membrane desalination, self-cleaning and fiber based microfluidics, among many others. This 
work presents a quantitative investigation on the interactions of a droplet with a fiber or layers of 
fibers. More precisely, the present work is focused on 1) predicting the effects of fiber’s size and 
material on its ability to withhold a droplet against external forces and on the liquid residue left 
on the fiber after the droplet detachment, 2) predicting the outcome of two fibers competing to 
attract the same droplet, and 3) predicting the wetting stability of a droplet deposited on a layer 
of electrospun fibers. This work is comprised of series of computational and experimental studies 
for mutual validation and/or calibration. The simulations were conducted using the Surface 
Evolver code and the experiments were devised using a ferrofluid and a magnet. 
 
We also investigated the drag reduction performance of fibrous coatings because of its close 
connection with droplet-fiber interaction. We started by studying the drag reduction performance 
of a superhydrophobic granular coating because of its geometrical simplicity. We modeled the 
flow of water over the granular coating and studied the effects of hydrostatic pressure and 
microstructural properties on the drag reduction performance of the coating. We then examined 
the drag reduction performance of a lubricant infused surface with trapped air made of layers of 
parallel fibers (FLISTA). A mathematical model was developed to predict the shape of the 
water-lubricant interface and lubricant-air interface under a given hydrostatic pressure. This 
information was used to solve the flow field over the coating in a Couette configuration to find 
the effects of hydrostatic pressure and microstructural properties of the coating on its drag 
reduction performance. 
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Chapter 1. Introduction 
 
1.1 Background Information 
Interaction of liquid droplet with solid surfaces is of great importance in fog harvesting (1,2), 
droplet-gas filtration (3, 4), membrane desalination (5-7), textiles and apparel (8,9), droplet-fluid 
separation (10,11) and microfluidics (12,13) among many others. It is also frequently observed in 
nature. This work is focused on the interaction of a liquid droplet with a fiber and layers of fibers 
because of its ubiquitous presence in nature and engineering applications. From a microscopic 
point of view, the shape of a liquid droplet deposited on a solid surface depends on the molecular 
interactions between the molecules of the liquid and air at the liquid-air interface (LAI) and 
between the molecules of the liquid and solid at the solid-liquid interface (SLI). The liquid 
droplet takes the shape corresponding to the minimum of the total energy of the LAI and SLI.  
 
The two most important macroscopic parameters that decide the shape of the liquid droplet 
deposited on a solid surface are surface tension of the LAI and the Young-Laplace (or intrinsic) 
contact angle. The shape of the liquid droplet deposited on a flat surface has been widely studied 
by researchers (14-17). The interaction of a liquid droplet with a fiber/fibrous coatings is 
different from that of a liquid droplet with flat surface because of the curvature of the surface of 
the fiber. However, a little attention has been paid on the interaction of the liquid droplet with a 
fiber and fibrous coatings. The background information about surface tension, Young-Laplace 
contact angle, capillary force, droplet interaction with a fiber/fibrous coatings and interaction of 
liquid with fibrous coatings are discussed in the flowing subsections. 
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1.1.1 Surface Tension, Contact Angle and Capillary Pressure 
Surface tension of a fluid surface is one of the most important quantities in the theory of 
capillarity. In capillary theory, a fluid surface means the interface between the fluid and some 
other fluid or solid e.g. for a water droplet deposited on a flat surface, there are water-air 
interface and water-solid interface. Surface tension of a fluid-fluid interface is its tendency to 
shrink into a surface with minimum surface area. Surface tension has the dimensions of force per 
unit length or energy per unit area. When a liquid-gas interface meets a liquid-solid interface, a 
contact angle is formed. Contact angle is measured as the angle between the tangents to liquid-
gas interface and liquid-solid interface at the liquid-solid-gas (three phase) contact line. It is a 
measure of the wettability of the solid surface with the liquid. It is also referred as intrinsic 
contact angle or Young-Laplace contact angle (YLCA). Contact angle and surface tension is 
related to each other through Young equation (18): 
                                                             cos SG SL                                                                 (1.1) 
Where,   is the contact angle and  , SG  and SL  denotes the surface tensions of the liquid-gas, 
solid-gas and solid-liquid interfaces respectively. 
 
The shape of a static liquid-fluid interface depends on the Laplace or capillary pressure which is 
the pressure difference between the liquid and fluid across the interface. The relation between the 
Laplace pressure and shape of the liquid-fluid interface is represented by the Young-Laplace 
equation: 
                                                             
1 2
1 1
cP R R
                                                                 (1.2) 
Where, 1R  and 2R  are the principal radii of the liquid-fluid interface. Note that, Laplace pressure 
is proportional to the surface tension   of the liquid-fluid interface. Young-Laplace equation 
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with appropriate boundary conditions has been widely used by the researchers to predict the 
equilibrium shape of the liquid-gas interface (19 – 23).  
 
1.1.2 Droplet Interactions with a fiber 
Interaction of a droplet with a fiber received considerable attention from the scientists and 
engineers because it is frequently observed in nature and many industrial applications. Initial 
studies on droplet fiber interactions were mostly focused on droplet equilibrium shape on a 
horizontal fiber (24 – 29). Droplet deposited on a cylindrical fiber can have two different shapes 
depending on the fiber diameter, droplet volume, YLCA of the fiber and surface tension of the 
liquid. They are barrel shape (where the droplet completely engulfs the fiber) and clam-shell 
shape (where droplet partially wraps around the fiber). The barrel shaped droplet is observed for 
the large droplet volume or small contact angle. The clam-shell shaped droplet is observed for 
smaller droplet volume or bigger contact angle.  
 
Later studies focused on the droplet motion along the axis of a fiber due to axial air jet blowing 
(30), temperature gradient along the fibre (31), vibration (32), gravity (33) and capillary forces 
(34). Force required moving a droplet along an oleophilic fiber was measured and a model was 
also proposed to predict the force (35). Droplet motion in a direction perpendicular to the fiber 
and relative to two intersecting fibers was also investigated (1, 30, 36 – 44). Most of these 
studies were focused on determining volume of the biggest droplet that a fiber (or two 
intersecting fibers) could hold (1), or the force required to initiate droplet detachment from the 
fiber (38). Despite its importance in many industrial applications surprisingly, less attention has 
been paid to the droplet residue left on a fiber after detachment (30).  Droplet residue left on a 
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fiber (or on a surface) after detachment is for instance the reason for the undesired stains on a 
clean surface. The current study is devised to calculate the volume of the droplet residue left on 
the fiber after the detachment along with the detachment force. 
 
1.1.3 Droplet Interactions with Rough Surfaces 
There are two main stable wetting states for a droplet residing on a rough surface, the Wenzel 
state and the Cassie state (see e.g., 45 - 48). The Wenzel state corresponds to the state where the 
surface asperities are completely submerged in the droplet, whereas the Cassie state represents 
the condition where a layer of air is trapped underneath the droplet between the peaks of the 
surface protrusions (49–52). There are also some other wetting states in between or related to 
these two extreme states e.g., impregnated Cassie state or rose petal state (45). Cassie state is the 
main reason behind the water repellency of the superhydrophobic surfaces. In general, 
superhydrophobic (SHP) surfaces can provide droplet contact angles (CAs) in the neighborhood 
of 150 degrees and very low contact angle hysteresis (53 – 57). There are several examples of 
SHP surfaces observed in nature e.g. self-cleaning of lotus leaf (57). Making a SHP surface is 
one of the key issues in surface engineering. It has several industrial applications such as self-
cleaning (53), drag reduction (55,56) and many others. Maximum contact angle observed on a 
flat surface is of the order of 120 degrees. The most effective way to produce a SHP surface is to 
impart roughness to a hydrophobic surface (53 – 57). One approach to impart roughness to a 
surface is micro-fabrication. While numerous studies have been focused on lowering the cost of 
micro-fabrication, manufacturing micro- or nano-roughness, this process has remained costly. 
Moreover, adding microfabricated roughness to a surface with arbitrary or random curvatures is 
still a challenge. An alternative approach (amongst many other methods) has therefore been to 
5 
 
impart comparable superhydrophobic behavior to a surface by coating the surface with fibers 
from a hydrophobic polymer (58 - 62).  
 
Fibrous coatings usually consist of many layers of planar fibers deposited on top of one another 
in a random fashion. Coatings with random fiber orientations however, do not provide 
directionality to the mobility of a droplet over the surface. It is expected that controlling the 
orientation of the fibers in a coating can potentially provide some degrees of control over droplet 
mobility on a surface. In fact, it has been shown that a droplet can maintain different apparent 
CAs in different directions on a surface made of parallel grooves, for instance, indicating 
preferential droplet mobility along the grooves (63 – 72).  
 
While producing a fibrous coating made of parallel fibers that can resemble a grooved surface is 
not a challenge, controlling the porosity and uniformity of such coatings is quite difficult because 
the fibers tend to pack relatively densely in a thin layer. A possible solution that helps with 
increasing the spacing between the fibers is to alternate the orientation of the fibers between the 
x- and y-directions during the spinning process. Coatings with orthogonally layered fibers tend to 
have a much higher porosity than their unidirectional counterparts and have been shown to 
exhibit unique properties for various applications (73–78). Unfortunately, coatings with 
orthogonal fibers may not necessarily perform like an anisotropic surface depending on the size 
and surface tension of the droplets, diameter and spacing of the fibers, and the Young–Laplace 
contact angle (YLCA) of the fiber polymer, as will be discussed later in this work. 
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1.1.4 Drag Reduction on SHP Surfaces 
Superhydrophobic (SHP) coatings have been reported to reduce the friction drag between a body 
of water and a surface (56, 79-82). This effect is attributed to the ability of a rough hydrophobic 
surface to entrap air bubbles in its pores and thereby reduce the contact between the solid surface 
and the water (56, 79 – 82). SHP surfaces can potentially be applied to the hull of a boat or the 
inner walls of a pipe to reduce friction. Likewise, one can expect a superoleophobic (SOP) 
coating to potentially reduce the pressure needed to pump an oil-based product through a 
pipeline (83).  
 
SHP surfaces are often produced by microfabricating small features on a smooth surface and 
then applying a hydrophobic chemistry to the roughened surface (56, 84). A more cost-effective 
alternative is to coat the smooth surface with a porous hydrophobic material, e.g., Polystyrene 
fibers or aerogel particles among many others (59, 85-89). Depending on coating geometry and 
flow parameters, the Wenzel state (fully-wetted), the Cassie state (fully-dry), or a series of 
transition states in between these two extreme states may prevail over a submerged SHP surface 
(45, 49-52). Unfortunately, even a slight departure from the Cassie state may result in a rapid 
increase in the surface wetted area (solid area in contact with water), and a consequential 
diminishment of the drag reduction effect.  
 
Predicting the shape and position of the air–water interface over a SHP surface comprised of 
round objects (e.g., spherical or cylindrical objects) is not a trivial task. This is because the air–
water interface does not become pinned to the round entrance of the pores, and so its shape and 
position can easily vary in response to variations of the instantaneous pressure over the surface. 
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This in turn makes the drag-reduction benefit of the surface highly pressure dependent. In a 
previous study, our group developed a modeling method to predict the shape and position of the 
air–water interface in order to use that information to obtain the wetted area of a granular SHP 
coating as a function of pressure (90, 91). While the drag force caused by a SHP surface is 
related to its wetted area, the nature of this relationship is not very clear. As shown by 
Steinberger et al. (92) and Karatay et al. (93) for instance, the air bubble entrapped in the pores 
of a SHP surface may protrude into the flow region (if the pressure outside the pores is less than 
that inside the pores) and increase the surface drag force. SHP surfaces fail to provide any drag 
reduction at excessive pressure because of failure of the AWI. In addition, the dissolution of the 
trapped air into the surrounding fluid may also lead to failure of the AWI (94 – 100). Alternate 
approach is to use LIS (101, 102) or LISTA (103). Wong et al. (101) and Solomon et al. (102) 
reported that SHP surfaces with a lubricating liquid trapped in its pores do not suffer from these 
limitations. These surfaces are called slippery liquid infused porous surfaces (SLIPS) or lubricant 
impregnated surfaces (LIS). Although, these surfaces repel various liquids (water, hydrocarbons, 
crude oil and blood), maintain low contact angle hysteresis 2.5o  and works at high pressure, 
they show measurable drag reduction (16-18 % maximum) only when 1N   (102). Here, 
w
l
N  . w  and l  are the dynamic viscosities of the working fluid (water in the present study) 
and the lubricant respectively.  SLIPS or LIS do not show measurable drag reduction for low 
viscosity working fluids e.g. water. These surfaces also suffer from the problem of lubricant 
drainage due to shear or gravity (104 – 107). Hemeda & Tafreshi (103) reported that the drag 
reduction benefits of LIS can be significantly improved by placing a layer of air below the 
lubricant. This type of surface is referred to as a liquid infused surface with trapped air (LISTA). 
LISTA made up of parallel grooves and water as the working fluid can improve the drag 
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reduction performance significantly compared to its LIS counterpart depending on the flow 
direction relative to the grooves and drag reduction benefits can be obtained from LISTA even 
for 1N   (103). The lubricant layer in LISTA reduces the rate of air dissolution into the working 
fluid (e.g. water) (103). Hemeda & Tafreshi (103) also conjectured that the entrapped air in the 
LISTA helped to stabilize the lubricant in the grooves.  
 
Adding micro-fabricated roughness to a surface with arbitrary curvature is still costly as well as a 
challenging process. One alternative approach is to use a fibrous coating of hydrophobic 
polymers. The current study is devised to calculate the drag reduction advantage of granular and 
fibrous SHP coatings in terms of its microstructural properties. 
 
1.2 Overall Objectives of This Thesis 
Main objective of this dissertation is to investigate the wetting behavior of a liquid droplet with a 
fiber and fibrous coatings. Several experiments are performed and computational models are 
developed to predict the capillary force exerted by a droplet on a fiber, volume of the residue left 
on the fiber after detachment and the shape and stability of a droplet deposited on a single fiber 
or an array of fibers. Another objective is to investigate the drag reduction performance of 
fibrous LISTA coating.  
 
First, the wetting behavior of a liquid droplet with a fiber is investigated. Most of the previous 
studies on droplet-fiber interaction were focused on predicting the shape of the droplet deposited 
on the fiber or the force required detaching the droplet from the fiber. Less attention was paid to 
the droplet residue left on the fiber after the detachment despite its importance in many industrial 
9 
 
applications.  An experimental study is devised to better our understanding of the role of Young–
Laplace contact angle (YLCA), fiber diameter, fluid viscosity, or droplet size on the volume of 
droplet residue left on a fiber after droplet detachment. This is made possible by using an 
aqueous ferrofluid droplet deposited on a horizontal filament in a controllable magnetic field. 
Droplet detachment process is imaged using a high-speed camera and the images are used to 
obtain residue volume and droplet detachment time. The detachment force is obtained using a 
sensitive scale. This work is presented in chapter 2. 
 
Chapter 3 presents a detailed investigation on the shape of the liquid bridge and the mechanical 
forces acting on a liquid bridge between dissimilar fibers in parallel and orthogonal 
configurations. These shapes and forces are predicted computationally via numerical simulation 
and validated with experiments. Special attention is paid to the fiber-fiber spacing at which the 
liquid bridge detached from the fibers, and to how a transition from an equilibrium liquid bridge 
to a spontaneously (time-dependent) detaching bridge took place. This work also formulates the 
contribution of the geometrical and wetting properties of the fibers competing for the droplet that 
result from a liquid bridge detachment, and presents a mathematical expression to predict the fate 
of that droplet. 
 
The wetting behavior of a droplet with fibrous coating comprised of layers of fibers is discussed 
in Chapter 4. Superhydrophobic coatings comprised of parallel and orthogonal layers of fibers 
are studied in terms of their ability to accommodate water droplets at the non-wetting Cassie 
state. The effects of microstructural properties of these coatings on droplet contact angles and 
Cassie state stability are investigated via numerical simulation. More specifically, mathematical 
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expressions are derived to predict whether or not such fibrous coatings can provide sufficient 
capillary forces for the droplet to remain in the Cassie state. Our numerical simulations 
conducted using the Surface Evolver finite element code indicated that apparent contact angle of 
a droplet can be different in longitudinal and transverse directions. 
 
Regarding drag reduction on fibrous LISTA coating, we start with investigating the drag 
reduction performance of superhydrophobic granular coating because of their geometric 
simplicity and our previous knowledge about modeling granular superhydrophobic coating. 
Chapter 5 presents a computational study on the role of microstructural properties of a 
superhydrophobic granular coating on its drag reducing performance. More specifically, the 
effects of the Young–Laplace contact angle, particle diameter, and solid volume fraction on slip 
length are studied for submerged superhydrophobic granular coatings under negative (suction) 
and positive hydrostatic pressures. In addition, four different particle arrangements are 
considered to investigate the effects of particle spatial distribution on coatings’ drag reduction 
performance. This was accomplished by accurately predicting the 3-D shape and surface area of 
a coating’s wetted area fraction, and then by using this information to solve the flow field over 
the coating in a Couette configuration to obtain its drag reduction efficiency.  
 
Chapter 6 presents a computational study on the drag reduction on fibrous liquid-infused surface 
with trapped air (FLISTA) comprised of fibers with heterogeneous wettability. The effects of 
different coating parameters and fluid properties on slip length for FLISTA coating are studied. 
For simplicity, the coating in the present work is made up of parallel fibers in a staggered or 
random arrangement.  The water-lubricant interfaces as well as lubricant-air interfaces were 
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modelled as circular arcs and all the flow calculations were performed using ANSYS Fluent 
package. Finally, the overall conclusions of this thesis are presented in chapter 7. 
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Chapter 2. Effects of Fiber Wettability and Size on Droplet Detachment Residue 
 
2.1 Introduction 
Interactions between a droplet and a fiber or a fiber-like structure has received considerable 
attention from the engineering community for its importance in many new or existing industrial 
applications. Examples of such applications include, but are not limited to, fog harvesting (1,2), 
droplet filtration from gaseous streams, e.g., engine exhaust (3,4, 108,109) or droplet–fluid 
separation, e.g., water droplet removal from fuels (11, 110, 111), textiles and apparel (8,9), 
microfluidics (12,112), fuel cells (113,114) and many others.  
 
Initial studies on droplet–fiber interactions were mostly focused on droplet equilibrium shape on 
a horizontal fiber (25 - 29). Later studies considered droplet motion along the axis of a fiber (30 - 
35), in a direction perpendicular to a fiber (30, 36 - 39), or relative to two intersecting fibers (40 - 
44). Most of the above studies were focused on determining volume of the biggest droplet that a 
fiber (or two intersecting fibers) could hold (1), or the force required to initiate droplet 
detachment from the fiber (38). Despite its importance in many industrial applications 
surprisingly, less attention has been paid to the droplet residue left on a fiber after detachment.  
To the knowledge of the authors, the work of Sahu et al. (30) is the only published study to 
report droplet residue on a filament after droplet detachment. Droplet residue left on a fiber (or 
on a surface) after detachment is for instance the reason for the accumulation of unwanted 
deposits on the surface of fibers in a liquid–liquid separation media or undesired stains on a clean 
surface. This study is therefore devised specifically to study droplet residue on a fiber after 
detachment. As will be seen later in this paper, the volume or shape of a droplet residue left on a 
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fiber after droplet detachment depends on many factors such as fiber diameter or Young–Laplace 
contact angle (YLCA).  
 
The remainder of this chapter is structured as follows. Our experimental setup is presented in 
Section 2.2. Dynamics of droplet detachment from a fiber is qualitatively described in Section 
2.3 using high-speed images recorded during detachment process. Section 2.3 also describes our 
image-based method developed to measure the volume of the droplet residue on the fiber. Effects 
of fiber diameter and YLCA on droplet detachment residue and detachment time are presented in 
Section 2.4. Conclusions drawn from the study are given in Section 2.5.  
 
2.2 Experimental setup 
Our experimental setup is shown in Figure 2.1. Flurocarbon smooth casting fishing line with 
radii of 191 µm and 264 µm, and bare copper wires with diameters of 162 µm and 259 µm were 
used in this study. The fiber was mounted on a 3-D printed holder placed on a Mettler Toledo 
AG104 balance with an accuracy of 0.1 mg. A New Era NE-300 syringe pump with an infusion 
rate ranging from 0.73 to 1200 µL/h was used to produce droplets with desired volumes. The 
liquid used in the experiments was water based ferrofluid (EMG508, Ferrotech, USA) with about 
1% 3 4Fe O  nanoparticles (volumetric) and a density of 31.05 g/cm   at 25o C. Glycerol with a 
viscosity of 1.412 Pa.s and surface tension of 0.066 N/m was mixed with the ferrofluid (having a 
viscosity of 1 mPa.s and a surface tension of 0.065 N/m) and used in some experiments to study 
the effects of dynamic viscosity on the droplet detachment process and residue volume. Both the 
ferrofluid and ferrofluid-glycerol mixtures behaved like a Newtonian fluid (see Appendix A for 
details about the viscosity measurements of these liquids).  An axially magnetized cylindrical 
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permanent magnet with a diameter of 21.5 mm and a length of 22 mm was mounted on a 
Mitutoyo electronic height gauge and moved slowly towards the droplet to exert a vertical force 
on the droplets. Special attention was paid to ensure that the magnet perpendicular to the fiber 
and is centered with regard to the droplet.  
 
Fig. 2.1: Schematic representation of our experimental setup. 
 
Experiment started by placing a droplet on the fiber and zeroing the scale. The magnet was then 
moved towards the droplet in small increments. Equilibrium shape of the droplet was imaged in 
each step of the experiment until a spontaneous detachment process (where no additional force 
was needed for droplet shape deformation) started (45). The droplet detachment process was 
recorded with a Phantom Miro LAB340 high-speed camera at 2400 frames per second. As the 
gravitational and magnetic forces where applied to the droplet in the same direction in our 
experiments, we zeroed the scale after placing the droplet so that the value read on the scale 
represent the magnetic force only. The total detachment force (reported in the figures) was 
obtained by adding the weight of the droplet to the magnetic force obtained from the scale. 
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We also performed experiments with fishing lines having different YLCAs but same radius. This 
was done by coating the original fishing line with Heptadecafluoro-1,1,2,2-Tetrahydrodecyl 
Trichlorosilane (FDTS) which is proven to be effective in increasing the YLCA of polymeric 
surfaces (111,116,117). To do so, the fiber was placed in a petri dish and a droplet of FDTS was 
placed far from the fishing line in the same petri dish. The lid was then closed to allow the FDTS 
to evaporate and deposit on the fiber in a sealed environment for a few hours. Different YLCAs 
were obtained by varying the fiber exposure time to FDTS. Fishing lines with YLCA values of 
about 75o, 90o and 110o were obtained using FDTS coating for the present study. To estimate the 
YLCA of the coated fiber, a droplet with a known volume was placed on the fiber and imaged 
under the influence of gravity. The same droplet–fiber system was then simulated using Surface 
Evolver code (118) for fibers with different YLCAs.  The distance between the apex of the 
droplet and the axis of the fiber as well as the profile of the droplet observed from the transverse 
direction were used to compare the shape of the droplet obtained from simulation to that imaged 
experimentally when estimating the YLCA of a fiber (see the Appendix A and also the paper by 
Amrei et al., 38 for more details).  
 
2.3 Droplet detachment dynamics 
Consider a ferrofluid droplet deposited on a fiber. Bringing the magnet closer to the droplet, 
increases the force exerted on the droplet. The droplet goes through a series of shape 
deformations before it eventually detaches from the fiber (see Figure 2.2a). One can obtain a 
stable equilibrium shape for any force exerted on the droplet as long as the force is smaller than 
the detachment force (the minimum force needed to detach the droplet from the fiber).  
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Fig. 2.2: Detachment process of a ferrofluid droplet with a volume of 3.5 µL from a fishing line with 
radius 191 µm and an YLCA 65o under the influence of an increasing magnetic force (a). Starting from a 
series of reversible quasi-static droplet deformations (first row of images) to an irreversible spontaneous 
detachment process (images in the second row). Our image-based residue volume calculation method is 
shown in (b) using a droplet with a volume of 5.5 µL detaching from the above fiber. The middle image 
in (b) is obtained by applying an edge-detection algorithm using Mathematica software and used for 
volume integration as shown in the last image in (b). 
 
When the magnetic force approaches the detachment force, a spontaneous detachment process 
starts. In this process, a “neck” appears in the droplet profile, and it becomes thinner and longer 
with time (see Figure 2.2a). At some point, the neck detaches from the main droplet, and few 
milliseconds later, it detaches from the remainder of the droplet on the fiber (i.e., the residue) to 
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form a satellite droplet. The satellite most often follows the main droplet and coalesces with it, 
but it may also travel upward and coalesce with the residue. Volume of the detached droplet ddV  
and the residue on the fiber rV  depend on the position of the first and second pinch-off points P1 
and P2 on the neck as shown in Figure 2.2a. Regardless, the satellite volume is too small to make 
any difference in our calculation of residue volume, and so the satellite and its fate are 
completely ignored in the current study. 
 
We calculate the residue volume on the fibers via image processing. Direct measurement of 
residue volume accurately is a challenge because of its minute size and irregular shape. 
However, the shape of the detached droplet was axisymmetric (see Fig. A4 in the Appendix A). 
Therefore, we calculate the volume of the detached droplet and subtract it from the volume of the 
original droplet to obtain the residue volume. We use Mathematica to extract the coordinates of 
the droplet profile after detachment and revolve it about the z-axis to compute the droplet 
volume (see Figure 2.2b), i.e.,    
                                                  2
0
(z)
h
ddV R dz                                                                          (2.1) 
In Equation 2.1, h  and (z)R are the height and the local radius of the detached droplet, 
respectively.  
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Fig. 2.3: Longitudinal (left image) and transverse (right image) profiles of a droplet with a dimensionless 
volume of 3/ 506fV r   detaching from a fiber with 191 μmfr  and 65oYL  are shown. 1P  and 2P  are 
the first and second detachment (pinch-off) points, respectively. 
 
 
To better quantify and analyze the shape of the residue on a fiber, a new terminology is defined 
and used throughout this paper. Length of the residue on the fiber right before the detachment 
moment is referred to as transverse contact length (see Figure 2.3) and is denoted with Td . 
Distance between the second detachment (pinch-off) point and the lower surface of the fiber is 
shown with Th . Receding contact angles in the transverse and longitudinal directions are denoted 
with recT and recL , respectively (see Figure 2.3). Since two high-speed cameras were needed (but 
one was available) to simultaneously image the droplets from two different angles over time, we 
chose to only record recT as it was easier to image, and as it seemed to better illustrate the shape 
of the droplet during detachment. Nevertheless, our preliminary observations suggest that recL is 
generally larger than recT (but smaller than YLCA of the fiber). Note also that the primary 
objective of the work presented in this paper was to estimate the volume of residue on the fiber, 
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and our residue calculation method does not require recL information. Therefore, in the remainder 
of the paper we only report Td , Th , and recT . 
 
Fig. 2.4: Dimensionless neck diameter vs. time is shown for a droplet with a dimensionless volume of  
3/ 506fV r  detaching from a fiber with a radius of 191 µm and an YLCA of 65o. The rate of change of 
neck diameter with time nd near the detachment point is shown in the inset. 
 
To better understand the dynamics of droplet detachment, we measured droplet detachment time 
by monitoring droplet neck diameter nd  over time until it went to zero at the detachment 
moment. More specifically, we define detachment time as the time period starting when 
0nn
dd
t
 
 and ending when 0nd  . Figure 2.4 shows an example of such calculations, where 
nd  (non-dimensionalized using fiber diameter) is plotted versus time for a droplet with a volume 
of 3.5 µL on a fiber with a radius of 191 µm and a YLCA of 65o (the inset figure shows nd  
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versus time). A detachment time of 18.83 ms was obtained for this example. Further discussion 
on the effects of fiber diameter and YLCA on droplet detachment time and residue volume are 
given in the next section.  
 
2.4 Results and discussion 
2.4.1 Effects of YLCA on residue volume and detachment time 
In this section, we experiment with fibers having a radius of 191 μmfr   but different YLCAs. 
Example images showing droplet detachment from fibers with YLCAs of 65, 90, and 110 
degrees are shown in Figure 2.5a. It can obviously be seen that droplet residue is smaller on 
fibers with a larger YLCA. It is worth mentioning that for the experiments reported in this paper 
droplets were large enough to exhibit a clamshell profile under gravity  3/ 217fV r  . 
 
Figure 2.5b shows droplet detachment time dt  versus droplet volume (non-dimensionalized 
using fiber radius cube), and it can be seen in this figure that detachment time increases almost 
linearly with increasing droplet size. Droplet detachment time also increases with decreasing 
YLCA of the fiber (i.e., it takes longer for a droplet to detach from a more hydrophilic fiber). 
The effects of YLCA on detachment time can be justified by monitoring how /T fd r , /T fh r , and 
rec
T vary with YLCA in Figure 2.5c. It is interesting to note that  /T fd r , /T fh r , and recT  are 
independent of the dimensionless droplet volume 3/ fV r , and recT values are about one-half of 
their corresponding YL values  for most of the cases considered (except for 110oYL  ). It is also 
noticeable that /T fd r  and /T fh r both decrease with increasing YLCA. This means that the 
second detachment point moves towards the fiber when YLCA is larger, as can be seen in Figure 
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2.5a (volume of the satellite droplet becomes smaller when YLCA is higher).  
 
Fig. 2.5: Example images of a droplet with 3 506fV r   detaching from a fiber with a radius of 191 µm 
but with different YLCAs are given in (a). Droplet detachment time from fibers with a radius 
191 μmfr  but different YLCAs is reported in (b) for droplets with different volumes. Effects of YLCA 
on T fd r , T fh r  and 
rec
T  are given in (c) for the same droplets and fibers. Droplet residue volume left 
on the fibers are given in (d).  
 
The results given in Figure 2.5c indicate that volume of the triangle-shaped fluid attached to the 
fiber (the fluid that eventually becomes the residue on the fiber) decreases with the increase of 
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YLCA (see Figure 2.5d). In addition, the results presented in Figure 2.5d indicate that residue 
volume does not depend strongly on the volume of the droplet, which is in agreement with the 
observations made by Yildirim et al. (119) for droplet detachment from a capillary nozzle. The 
droplet detachment force obtained from these experiments are given in the supplementary 
materials for interested readers (see Fig. A5 in Appendix A). 
 
2.4.2 Effect of fiber radius on residue volume and detachment time 
Droplet detachment experiments were performed with fishing lines of two different radii of 191 
µm and 264 µm but a common YLCA of about 65 degrees to study the effects of fiber diameter 
on droplet detachment time and residue volume. Figure 2.6a shows droplet detachment time 
from the above fibers. It can be seen that detachment time increases with increasing fiber 
diameter (the inset figures in Fig. 2.6a show the shape of the droplet at the detachment moment). 
With regards to droplet shape at the detachment moment, it was observed that T fd r  remains 
same but T fh r  decreases slightly with fiber radius (see Figure 2.6b). Note that Td and Th
increase with increasing fiber radius fr . This indicates that the second detachment point moves 
away from the fiber when the fiber diameter is thicker leading to an increase in the residue 
volume. It was also observed that the first detachment point moves closer to the fiber and the 
length of the neck becomes shorter when the fiber is thinner. Receding angles recT  are also 
reported in Figure 2.6b, and for the range of fiber radii considered in our study, no strong 
dependence on fiber radius was observed. These results indicate that residue volume should 
increase with the increase of fiber radius which seems to be the case as can be seen in Figure 
2.6c. It should be noted that, both the residue volume and the detached volume increase with 
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increasing fiber diameter when 3
f
V
r
 is kept constant for a droplet–fiber combination. However, if 
droplet volume V is kept constant (instead of droplet dimensionless volume 3
f
V
r
), then the 
detached volume decreases with increasing fiber radius. The droplet detachment forces for fibers 
with different radii are given in Appendix A (see Fig. A5) for interested readers.  
 
Similar experiments were also conducted using copper wires with an YLCA of 50 degrees but 
two different radii of 162 µm and 259 µm. The conclusions drawn from the copper wire 
experiments were almost identical to those obtained with fishing lines and so they are only 
reported in Appendix A (see Fig. A6). 
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Fig. 2.6: Effects of fiber radius on detachment time for droplets with different dimensionless volumes is 
given in (a). The inset figure shows example images taken from droplets with a fixed dimensionless 
volume of 3 506fV r   at the moment of detachment from fibers of different radii. Effects of fiber radius 
on T fd r , T fh r  and 
rec
T  are given in (b). Effects of fiber radius on residue volume is given in (c). 
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2.4.3 Effect of liquid viscosity on residue volume and detachment time 
To study effects of fluid’s viscosity on detachment time and residue volume, detachment 
experiments were conducted using ferrofluid–glycerol mixtures with different glycerol 
concentrations varying from 0 to 45% (resulting in a mixture viscosity ranging from 1 to 5.5 
mPa.s measured using an Discovery HR – 3 hybrid rheometer). Note that addition of glycerol did 
not significantly change the surface tension of the ferrofluid or its contact angle with the fibers. 
Examples of droplet detachment profiles are given in Figure 2.7a for different glycerol 
percentages (the images are not taken at the exact detachment moment). As shown in Figure 
2.7a, droplet detachment time dt  does not vary significantly with varying fluid viscosity for the 
range of viscosities considered here (in qualitative agreement with the effects of viscosity in the 
experiment reported by Dressaire et al. (120) and Comtet et al. (121)). Interestingly however, 
residue volume seems to decrease with increasing droplet viscosity as shown in Figure 2.7b, 
which is consistent with the trend of variations of T fd r , T fh r , and  recT  with viscosity shown 
in Figure 2.7c. In these experiments, we also investigated the effects of viscosity on detachment 
force as can be seen in Figure 2.7d. It can be seen that for the range of viscosity variation 
considered, droplet detachment force seems to be unaffected by droplet viscosity. Effects of 
droplet viscosity is expected to become more prominent when effects of inertia is increased 
(faster detachment process), or when the droplet viscosity is much higher (119, 122). 
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Fig. 2.7: Droplet detachment time from a fiber with a radius 191 μmfr  and an YLCA of 65 deg. is 
reported in (a) for droplets with different viscosities ranging from about 1 mPa.s (ferrofluid) to about 5.5 
mPa.s (ferrofluid with 45% glycerol). Effect of droplet viscosity is reported in (b) for residue volume, in 
(c) for T fd r , T fh r , 
rec
T , and in (d) for detachment force. 
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2.5 Conclusions 
Droplet detachment from a fiber goes through a series of quasi-static equilibrium states in which 
droplet shape changes reversibly in response to the force applied to the droplet, and a final 
spontaneous (irreversible) process where it actually detaches from the fiber over a short period of 
time referred to here as droplet detachment time. The work presented here was focused primarily 
on droplet detachment time and droplet residue volume left on the fiber after detachment. Our 
results indicate that residue volume decreases with increasing fiber YLCA or droplet viscosity 
(in a viscosity range of 1 to 5.5 mPa.s). Moreover, residue volume was found to increase with 
increasing fiber diameter (for a given YLCA) but remains almost independent of droplet volume. 
Droplet detachment time was found to increase with droplet volume or fiber diameter but 
remained unaffected by increasing droplet viscosity in 1 to 5.5 mPa.s range.  Detachment time 
was also found to decrease with increasing YLCA of the fiber.   
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Chapter 3. Competing Forces on a Liquid Bridge between Parallel and Orthogonal 
Dissimilar Fibers 
 
3.1 Introduction 
Liquid bridge between two solid surfaces has been the focus of many previous studies for 
its ubiquitous presence in a variety of applications. The capillary force generated by a 
capillary bridge contributes to the adhesion force that frogs, insects, or geckoes create to 
climb a vertical surface (123–125). For instance, a particular type of beetle can generate 
an adhesion force of more than 60 times its body weight thanks to an array of liquid 
bridges that forms between its feet and the surface it walks on (126). In industry, liquid 
bridge plays a crucial role in underground oil recovery (127,128) and granular systems 
(129-134), wetting and liquid transport in coalescence filters and textiles (3,11,20,135-
140), design of magnetic hard-disks (141,142), papermaking (143), fiber-based 
microfluidics (112,144,145) and fuel cells (113,114) among many others. 
 
Scientific research on liquid bridge started in 1805 by Young who investigated a liquid 
bridge formed between two flat plates to study the liquid surface tension (146). Later, 
Gauss derived the Young-Laplace equation which predicts the equilibrium shape of an 
interface separating two immiscible fluids (147). Since then, many others studied liquid 
bridge between smooth flat plates for its industrial relevance, and also for the simplicity 
of its axisymmetric profile. These include many pioneering investigations where the 
effects of surface roughness or contact angle hysteresis on the shape and stability of 
capillary bridge were studied (148-153). Significant attention has also been paid to the 
fluid mechanics of a liquid bridge between two spherical objects, or between a sphere and 
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a flat plate. The main objective of these studies was to measure the forces between the 
involved surfaces in terms of the distance between them or as a function of their surface 
properties in the absence (142,154-158) or presence of gravity (159,160).  
 
Given the decades of research on liquid bridges of different properties, very little 
attention has been paid to the case of a liquid bridge between two fibers. In contrast to 
most previous studies, a liquid bridge between two fibers does not have an axisymmetric 
profile. This makes it harder to develop a mathematical description for the 3-D shape of 
the bridge. The shape of a liquid bridge between two parallel cylinders with a small 
spacing and in the absence of gravity was first studied by Princen (161). Later, Protiere et 
al. (162) modified Princen’s equations to study how a liquid body transitions from a 
droplet shape to a long liquid bridge between two parallel fibers when varying the fiber–
fiber spacing, fiber diameter, fiber’s Young–Laplace contact angle (YLCA), or the liquid 
volume. Princen’s equation was also used by Schellbach et al. (163) to propose a method 
to measure the contact angle of natural fibers. Virozub et al., (164) Wu et al., (165) and 
Bedarkar et al. (166) simulated the 3-D shape of a liquid bridge between two fibers and 
reported the capillary forces acting on the fibers as a function of fiber–fiber spacing or the 
relative angle between the fibers (164). Durpat and Protiere (167), Durpat et al. (168), and 
Soleimani et al. (169) also studied the problem of a capillary bridge between two fibers 
but with the main focus on fiber deformation in response to capillary forces. 
 
The study presented in this chapter contributes to the above body of literature by 
presenting a one-on-one experiment–simulation comparison for a capillary bridge formed 
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between two fibers in parallel and orthogonal configurations in the presence of gravity. 
Our work compares measured and simulated capillary forces exerted on the fibers by the 
liquid bridge throughout the stretching process and especially at the moment of bridge 
detachment from one of the fibers. The detachment force, in particular, is compared to the 
force required to detach a pendent droplet (with the same volume as the liquid bridge) 
from the fibers. This work also presents, for the first time, the effects of fiber radius or 
fiber YLCA dissimilarities on the liquid bridge shape and the capillary forces exerted on 
the fibers at the moment of liquid–fiber detachment. Special attention is paid to discuss 
how the two fibers compete for the droplet during bridge detachment, and how their 
radius or YLCA dissimilarity plays a role in determining the fate of the resulting droplet. 
 
The remainder of this chapter is structured as follows. The experimental setup and the 
computational technique used in the present study are described in Section 3.2. The 
general physics of the liquid bridge between two fibers is qualitatively discussed in 
Section 3.3. Our results are discussed in Section 3.4. This section includes the effect of 
fiber spacing on the capillary forces, detachment force, and the corresponding shape of 
the liquid bridge for two fibers (similar and different) in parallel and orthogonal 
configurations and the transfer of the liquid between the two fibers after detachment. The 
conclusions from the study are discussed in section 3.5. 
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3.2 Methods of Investigation 
3.2.1 Experimental Setup 
Our experimental set-up is shown in Fig. 3.1. Flurocarbon smooth casting fishing line 
with radii of 105.5 µm and 190.5 µm were used in our study. The YLCA for the fishing 
lines were obtained using an image-based method reported in our previous work (38,170-
172). The experiment was conducted with the two fibers positioned horizontally above 
one another. The lower fiber was mounted on a 3-D printed holder placed on a Mettler 
Toledo AG104 balance having an accuracy of 0.1 mg.  
 
The upper fiber was attached to another holder mounted on a Mitutoyo electronic height 
gauge. A New Era NE-300 syringe pump with an infusion rate ranging from 0.73 to 1200 
µL/h was used to produce droplets with desired volumes. The liquid used for the 
experiment was a water-glycerol mixture (15% by weight) having a surface tension of 
0.071 N/m (measured via the pendent droplet method using a DSA25E drop shape 
analyser), viscosity 1.53 mPa.s (measured using a Discovery HR—three hybrid 
rheometer), and a density of 1039 kg/m3 at 20o C. 
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Fig. 3.1: The experimental setup designed for study. 
 
 
The scale was zeroed at the start of the experiment. A droplet was placed on the upper 
fiber and a stable liquid bridge was formed by lowering the upper fiber until the droplet 
touched the lower fiber. The upper fiber was then moved upward slowly to stretch the 
liquid bridge until a spontaneous detachment process (where no additional stretching was 
needed to deform the liquid bridge) started. The force applied by the liquid bridge to the 
lower fiber was read on the scale and the force applied to the upper fiber was obtained by 
adding the weight of the liquid to that. The force applied to the upper fiber at the onset of 
spontaneous detachment is referred to here as the detachment force dF . The liquid bridge 
stretching process was recorded by a Phantom Miro LAB340 high-speed camera at 100 
frames per second.   
 
To ensure that inertial and viscous effects were negligible during the experiments, we 
calculated the Weber and Capillary numbers, defined respectively, as 2 1lWe U d   and 
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1Ca U    (  ,  , U , and   are density, surface tension, upper fiber velocity, and 
viscosity, respectively and 3 6l ld V   is the volume-equivalent diameter of the liquid 
bridge). With a Weber number of 1We  and a Capillary number of 0.1Ca  , it was 
concluded that our experimental results were not affected by inertial or viscous effects 
(173).  
 
3.2.2 Modelling Liquid Bridge between Two Fibers 
Stretching of a liquid bridge between two fibers can be considered as a quasi-static 
process (until before the spontaneous detachment), and it can be simulated by an energy 
minimization algorithm like the one implemented in the finite element based Surface 
Evolver (SE) software (174). SE computes the equilibrium shape of a liquid body by 
minimizing the total potential energy of the system given as 
                                   cos
sl l
la YL
A V
E A dA g z dV                                                               (3.1) 
Here, laA  is the area of the liquid-air interface (LAI), slA  is the area of the solid-liquid 
interface (SLI), lV  is the volume of the liquid bridge, and g  is the gravitational 
acceleration. It can be seen from Eq. 3.1 that, the total potential energy is the sum of the 
surface and gravitational energies (gravity needs to be included in the calculations for the 
range of droplet volumes considered here, 0.5 µL to 7.5 µL). The simulations start with a 
rectangular cuboid-shaped liquid body placed on two fibers. SE computes the energy of 
the LAI by computing the area of the LAI. It also calculates the area of the SLI slA  to 
obtain the contribution of each fiber in the total energy of the system. The SLIs are 
constrained to remain on the cylindrical surface of the fibers. With SE, one can derive a 
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path integral to account for the fiber-liquid interfacial area slA  for each fiber and to 
compute fiber’s contribution to the total energy of the system. For the case of two parallel 
fibers, the path integral for the contribution to the total potential energy due to slA  can be 
written as, 
                      2
2 2 2 2
ˆ ˆˆcos .
2
sl sl
sl YL
A A
yz yx gE i k dl yz dx
x z x z
 
 
                                             (3.2) 
For the case of orthogonal fibers, Eq. 3.2 was used to compute slE  for the lower fiber. The 
path integral for slE  for the upper fiber can be written as, 
                        2
2 2 2 2
ˆ ˆˆcos .
2
sl sl
sl YL
A A
xz yx gE j k dl xz dy
y z y z
 
 
                                           (3.3) 
 
Fig. 3.2: Liquid bridge 3-D shape obtained from SE simulations for a water-glycerol droplet with a 
volume of 3.5 μLlV   between two fibers in parallel and orthogonal configurations. Fiber radius, YLCA 
and fiber-fiber spacing are 190.5 μmfr  , 70oYL  , and 2100 μms   respectively. 
 
SE needs to satisfy a constant-volume constraint (input) for the liquid bridge while 
minimizing the energy of the system. The volume under the LAI is computed by SE 
through computing the volumes of the vertical prisms formed between each facet of the 
LAI and the 0z   plane. In order to compute the volume of the liquid bridge lV , SE needs 
to subtract the part of the volume of these vertical prisms from the total volume under the 
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LAI. Since, the SLI was not represented by facets in the simulations, a path integral was 
then derived to find the volume under the LAI occupied by each fiber. For the case of 
parallel fibers, we obtain, 
                                                                 
sl
s
A
V zydx

                                                                  (3.4) 
For the case of orthogonal fibers, we used Eq. 3.4 for the lower fiber, and use Eq. 3.5 for 
the upper fiber. 
                                                                 
sl
s
A
V zxdy

                                                                  (3.5) 
Equations 3.2–3.5, allow SE to obtain an equilibrium shape for a liquid bridge with a 
volume of lV  between the two fibers (see Figure 3.2). In this figure, we considered a 
water-glycerol mixture (15% by weight) droplet with a volume of 3.5 μLlV   on two fibers 
with a fiber–fiber spacing of 2100 μms  , a fiber diameter of 190.5 μmfr  , and an YLCA 
of 70oYL  . 
 
3.3 Physics of Liquid Bridge Between Fibers 
Capillary bridge between two cylinders (filaments/fibers) in parallel configuration was 
first investigated by Princen (161) and later, by Wu et al. (165) and Protiere et al. (162) in 
the absence of gravity. The two main morphologies observed in these investigations were 
the barrel-shaped droplet (where droplet completely engulfs the two fibers) and the 
droplet-bridge (where the droplet partially wraps around the fibers). Figure 3.3 shows 
experimental and computational images of a liquid bridge with a volume of 3.5 µL 
between two fibers with a radius of 190.5 µm and a YLCA of 70oYL  in parallel (Figs. 
3.3a and 3.3b) and orthogonal (Figs. 3.3c and 3.3d) configurations. It can be seen for the 
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case of parallel fibers that an asymmetric (about the y-z and x-y planes) droplet-bridge is 
formed at a small fiber spacing of 600 μms  . In an earlier study by Farmer and Bird 
(175), asymmetric droplet-bridge between two spherical particles were reported but in the 
absence of gravity. This indicates that gravity cannot be the main factor responsible for 
the observed asymmetry about the y-z plane (the asymmetry about the x-y plane is due to 
gravity). The asymmetric shape in fact corresponds to the lowest energy state for the 
fiber–droplet system at the given spacing. As the fiber spacing was increased, droplet-
bridge penetrated more into the space between the fibers, although the asymmetry with 
respect to the y-z and x-y planes sustained till 1500 μms  . Further increase in spacing 
from 1500 μms   to 2400 μms   resulted in the droplet-bridge becoming symmetric about 
the y-z plane but still remaining asymmetric with respect to the x-y plane. Note in this 
range of spacing that, the bridge becomes narrower on the top, which is in qualitative 
agreement with the work of Sun et al. (176) on liquid bridge between two parallel fibers. 
37 
 
 
Fig. 3.3: Variation of liquid bridge 3-D shape with fiber-fiber spacing is obtained: (a) from experiment in 
parallel position; (b) from simulation in parallel position; (c) from experiment in orthogonal position; and 
(d) from simulation in orthogonal position. In all the cases 190.5 μmfr  , 70oYL  , 3.5 μLlV  , and the 
liquid is a  water-glycerol mixture (15%). Droplet energy versus spacing is given in (e). Final droplet 
width on the upper fiber udw  and final fiber-fiber spacing ds  are also given in (f) versus droplet volume. 
 
Figures 3.3c and 3.3d show the evolution of the same droplet but when the fibers are 
orthogonal to one another. The shape of the liquid bridge in this case was neither a barrel-
shaped droplet nor a droplet-bridge for 750 μms  , and so we refer to it as the semi-barrel 
droplet in this paper. The semi-barrel droplet was not imaged (although observed) during 
the experiment due to difficulty in capturing images from a longitudinal view at small 
fiber spacing. Our numerical simulation results revealed a transition from the semi-barrel 
droplet to the droplet-bridge at a spacing of about 720 μm 780 μms  . This transition was 
also noted in the evolution of the energy of the system as a function of fiber–fiber spacing 
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(only the case of orthogonal fibers) in Figure 3.3e. Overall, depending on the geometrical 
and wetting properties of the given droplet–fibers system, one of the barrel-shaped 
droplet, semi-barrel droplet, or droplet-bridge configurations can be expected to prevail. 
 
Fig. 3.4: Spontaneous detachment process for parallel (a) and orthogonal (b) fiber configurations for 
190.5 μmfr  , 70oYL  , and 3.5 μLlV  . 
 
For the experiment reported in Figure 3.3 (parallel and orthogonal fiber configurations), 
the liquid bridge becomes unstable for 2400 μms  . This starts by droplet changing its 
shape spontaneously with no further increase in the fiber–fiber spacing, leading to 
detachment from the upper fiber. Images in the last column on the right side of Figures 
3.3a-3.3d show the final equilibrium state of the liquid bridge between the fibers. Any 
increase in the fiber–fiber spacing results in liquid bridge detachment from the upper fiber 
(gravity helps the liquid to remain on the lower fiber). The final fiber–fiber spacing ds and 
bridge width (on the upper fiber) udw  are measured and shown in Figure 3.3f for both 
parallel and orthogonal fiber configurations. Figure 3.4 shows the dynamic detachment 
process for the liquid bridge shown in Fig. 3.3. It can be seen that the dynamic 
detachment process accelerates as the liquid bridge proceeds towards the detachment. 
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3.4 Force Balance Analysis 
Figure 3.5a shows a free body diagram for a liquid bridge between two parallel fibers. 
The upward force is the total reaction force 1N  from the upper fiber. The downward forces 
are the weight of the liquid bridge lV g  and the reaction force 2N  from the lower fiber. 
Here, 1N  and 2N represent the net reaction force. Due to the static equilibrium assumption 
for the liquid bridge, one can write (159,160), 
                                                        1 2 lN N V g F                                                                (3.6) 
To avoid confusion, the forces acting on the upper and lower fibers are denoted here as 
uF F  and l lF F V g  , respectively. The force acting on the liquid bridge can also be 
calculated at any fiber–fiber spacing by taking the derivative of the total potential energy 
of the droplet  E s  i.e. 
                                                                dEF s
ds
                                                                      (3.7) 
Note that the force obtained from Eq. 3.7 is the force between the liquid bridge and the 
upper fiber since the gravity is downward. The vertical force exerted by the liquid bridge 
on the fibers is the resultant of the forces from three different sources. One is the vertical 
component of the surface tension force acting along the contact line, the other is the force 
due to Laplace pressure, and the last one is the buoyancy force (fiber’s partial submersion 
in liquid bridge) (160). Note that as will be shown later in the next section, the 
contribution of buoyancy force in the interfacial force between a droplet and a fiber is 
quite negligible near the onset of dynamic detachment process. The total force acting on 
each fiber can be described as, 
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                                                    cos ( )
i
i i i i i
p b
L
F l dl A P V g                                               (3.8) 
where i = l or u, and   is the angle between the direction of the capillary force at each point on 
the contact line and the vertical direction (see Fig. 3.5b), pA  is the projected wetted area (see Fig. 
3.5c), L  is the length of the contact line (see Fig. 3.5d), P  is the droplet pressure near the fiber, 
and bV  is the volume of the submerged fiber (see Fig. 3.5c). The upper and lower planes shown 
in Fig. 3.5b were considered for calculating pressures uP  and lP  on the upper and lower 
fibers, respectively. 
 
Fig. 3.5: A free body diagram for a liquid bridge between two parallel fibers is shown in (a). The 
immersion angle   for the upper and lower fibers, the panes at which the pressure forces are calculated 
are shown in (b). Wetted area and three phase contact line are shown in (c) and (d) respectively, for the 
upper and lower fibers. 
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3.5 Results and Discussion 
3.5.1 Liquid Bridge between Similar Fibers 
We start this section by studying the effects of fiber–fiber spacing on the net force 
between the bridge and fibers for a system with a fiber diameter of 190.5 μmfr  , a YLCA 
of 70oYL  , and a droplet volume of 3.5 μmlV  . Recall from the previous section that the 
liquid bridge between two fibers may have an asymmetric profile about the vertical planes 
passing through the fiber’s axis when the spacing is small (leading to droplet 
morphological transitions).  
 
Moreover, the liquid bridge between two closely-spaced parallel fibers has a tendency to 
slowly (but continuously) spread along the fibers in the form of a narrow liquid sheet. 
This prolongs the time to reach equilibrium and adds errors to the experiments (144,177). 
For these reasons, we focused our experiments on the range of fiber–fiber spacing at 
which the droplet-bridge remains symmetric about the vertical planes passing through the 
fibers (1500 μm 2400 μms  here). Figures 3.6a and 3.6b show the forces on the upper 
fiber for the parallel and orthogonal fiber configurations, respectively. It can be seen that 
the interfacial force between a bridge and the upper or lower fiber increases with 
increasing the spacing between the fibers. Good general agreement can be seen between 
the experimental and computational forces for all cases considered (upper and lower 
fibers in parallel and orthogonal configurations).  
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Fig. 3.6: Interfacial force between the upper fiber and the liquid bridge versus fiber spacing for fibers in 
parallel (a) and orthogonal (b) configurations. (c) Interfacial forces between the lower fiber and the liquid 
bridge versus fiber spacing. For all the cases, 190.5 μmfr  , 70oYL  , and 3.5 μLlV   with the  water-
glycerol (15%) mixture as the liquid. 
 
(a)
(b)
(c)
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Fig. 3.7: Interfacial force between the upper fiber and the liquid bridge versus fiber spacing for fibers in 
parallel and orthogonal configurations with 190.5 μmfr  , 30oYL  , and 3.5 μLlV   with water-glycerol 
(15%) mixture as the liquid. 
 
To ensure the accuracy of our force analysis, we considered both the energy approach of 
Eq. 3.7 and the force balance method of Eq. 3.8, and they both methods produced 
identical predictions, as can be seen in Figures 3.6a–3.6c). Note in these figures that 
detachment force is the same for parallel and orthogonal fiber arrangements (see Fig. B1 
in the Appendix B for detailed data analysis). Our results also revealed that contribution 
of the buoyancy force in the detachment force is generally less than 1% (see Fig. B1e in 
the Appendix B). For this reason, buoyancy is not considered in our detachment force 
calculations in this work.  
 
We also considered a bridge between two more hydrophilic fibers ( 30oYL  ) to confirm 
the above-mentioned behavior. It can interestingly be seen in Figure 3.7 that uF  follows 
two different paths for the case of parallel and orthogonal fibers, but they eventually reach 
the same point right before the start of the spontaneous detachment process (at 
2500 μms   for this case).  
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Fig. 3.8: Detachment force udF  (non-dimensionalized by 4 fr ) versus liquid volume for different YL  (a) 
and fiber radius fr  (b) with water-glycerol (15%) mixture as the liquid. 
 
Referring to the force applied to the upper fiber at the moment of detachment as udF , 
Figure 3.8a shows detachment force versus droplet volume for parallel and orthogonal 
fibers with two different YLCAs of 30oYL  , and 70oYL  but a radius of 190.5 µmfr  . It 
can again be seen that detachment force does not depend on the orientation of the fibers 
relative to each other (liquid bridge detached from the upper fiber in all cases reported in 
Figure 3.8a). The detachment force between the liquid bridge and the fibers depends on 
the length of the contact line, angle between the direction of surface tension force and the 
(a)
(b)
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vertical direction, droplet pressure, and the projected wetted area of the fibers at ds s  
(see Fig. B2 and related discussions in Appendix B for a detailed data analysis). 
 
It can be seen that the detachment force increases with increasing the YLCA. Detachment 
force was also measured experimentally for fibers having a YLCA of 55oYL   (with 
105.5 μmfr  ), and the results are added to Figure 3.8b. Excellent agreement can again be 
seen between the experimental and computational results. 
 
3.5.2 Liquid Bridge between Dissimilar Fibers 
In this section, we present our results for a liquid bridge between fibers having different 
radius and/or YLCAs. To do so, we considered an upper fiber with a radius of 
105.5 μmufr  and a YLCA of 55u oYL  , but a lower fiber with a radius of 190.5 μmlfr  and a 
YLCA of 70l oYL  . 
 
Figure 3.9a shows examples of a liquid bridge with a volume of 3 2129ul fV r   between the 
above-mentioned fibers from experiment and simulation at the moment of detachment. 
Figure 3.9b shows the detachment force for liquid bridges of different volumes in parallel 
and orthogonal fiber configurations. The figure also includes detachment force obtained 
using a lower fiber identical to the upper fiber for comparison. It can be seen that 
detachment force does not depend on the relative angle between the fibers or on the radius 
and YLCA of the lower fiber, as long as the detachment is from the upper fiber. 
Additional computational data are given in the Appendix B (see Fig. B3) in support of the 
results shown in Figure 3.9b. However note that, if the lower fiber is much bigger in 
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diameter (or is much more hydrophilic) than the upper fiber, then the detachment may 
happen at a smaller spacing. This was observed in a series of SE simulations conducted 
for the same upper fiber but a lower fiber with a radius of 500 μmlfr   and a YLCA of 
30l oYL   for a liquid volume in the range of 3425.8 2129ul fV r  . 
 
Fig. 3.9: (a) Liquid bridge between parallel and orthogonal dissimilar fibers having different radius and 
wettability from experiment and simulation. (b) Detachment force udF  (non-dimensionalized by 4 ufr ) 
vs normalized liquid volume for the upper and lower fibers with different properties. 
 
The detachment force can be regarded as an attribute of the fiber that determines whether 
or not a droplet originally on the upper fiber will move to the lower fiber after 
detachment. While a droplet would obviously move to the lower fiber after detachment 
when the fibers are identical (due to gravity), the same cannot be said for when the fibers 
have different physical and wetting properties. The latter depends on the interfacial forces 
(a) Experiment SE simulation
ݎ௙௨ ൌ 105.5	μm,ߠ௒௅௨ ൌ 55°, ݎ௙௟ ൌ 190.5	μm,ߠ௒௅௟ ൌ 70°
ݏ ݎ௙௨⁄ ൎ 19.76, ௟ܸ ݎ௙௨ଷ⁄ ൌ 2129(b)
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between the droplet and the upper or lower fibers. In fact, if the detachment force of the 
upper fiber is greater than the sum of the detachment force of the lower fiber and the 
weight of the droplet (i.e., u ld d lF F V g  ), then the droplet most probably remains on the 
upper fiber after detachment. 
 
 
Fig. 3.10: Droplet transfer between the upper and lower fibers for the case of 105.5 μmufr  , 55u oYL  ,
190.5 μmlfr  , and 70l oYL   (a), 190.5 μmufr  , 70u oYL  , 105.5 μmlfr  , and 55l oYL   (b), 264.1 μmufr  , 
30u oYL  , 105.5 μmlfr  , and 55l oYL   (c). Comparison between the detachment forces obtained in the 
present study and those of the correlation of Farhan and Tafreshi (171) is given in (d). 
 
Consider a liquid bridge with a volume of 2.5 μLlV  between an upper fiber with 
105.5 μmufr  and 55u oYL  , and a lower fiber with 190.5 μmlfr   and 70u oYL   (Figure 3.10a). 
1 mm
1 mm
1 mm
(d)
(a) (b)
(c)
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In this case, detachment forces for the upper and lower fibers can be found to be 
84.72 μNudF   and 97.6 μNldF  , respectively. The droplet therefore remains with the lower 
fiber after detachment. Swapping the fibers, will not change this outcome as 97.6 μNudF   
will still be smaller than 84.72 25.48 μN = 110.2 μNld lF V g   , as can be seen in Figure 
3.10b). Figure 3.10c however shows the case where the same droplet is placed between an 
upper fiber with 264.1 μmufr   and 30u oYL  , and a lower fiber with 105.5 μmlfr   and 
55l oYL  . The detachment force for upper fiber is now 142.2 μNudF   which is greater than 
84.72 μNldF   plus the weight of the droplet (i.e., 84.72 25.48 μN = 110.2 μN ), and so the 
droplet remains on the upper fiber. It is therefore evident that the outcome of a liquid 
bridge detachment experiment can be predicted using quantitative information about the 
detachment force of the individual fibers.  
 
In a recent study, Farhan and Tafreshi (171) proposed a correlation to predict the force 
required to detach a pendent droplet from a fiber (see also the work of Ojaghlou et al., 
178 and Aziz et al., 170). Since the detachment force investigated in the present study 
depends mainly on the properties of the fiber from which the droplet detaches, we 
compared our results with the detachment force values from the correlation of Farhan and 
Tafreshi (171) in Figure 3.10d. It can be seen that the detachment forces obtained in the 
present study are about 15–20% lower than those obtained from the above correlation. 
This difference can be attributed to the differences between the shape of a detaching 
pendent droplet and that of a detaching liquid bridge. Nevertheless, given the close 
agreement between the two, the correlation of Farhan and Tafreshi (171) is used in this 
study to predict if a droplet resulting from liquid bridge detachment remains on the upper 
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fiber or if it moves to the lower fiber. In other words, we expect the droplet to remain on 
the upper fiber if the following criterion is satisfied. 
                                                 
2
2 3
31 cos 1
ref u l r
YLu u
f ref f
r V R g
r r R
 

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Here 3894  , 0.84   , 0.0649 N/mref  , 6190.5 10  mrefr   , u lr f fR r r , and 
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  . 
Equation 3.9 can be of great significance to applications like fog harvesting (1,2,43), 
coalescence filtration (3,11,30,137-140) and membrane desalination (179-183) among 
many others (127,128,112-114,143-145), where liquid droplets have to travel through a 
network of vibrating and/or deforming fibers, and where the rate of droplet transport 
depends on how the fibers compete for the droplet (in the presence of gravitational and/or 
a hydro/aerodynamic fields). 
 
3.6 Conclusions 
Experiment and numerical simulation were devised to study a liquid bridge formed 
between two parallel or orthogonal fibers with similar or dissimilar geometrical or 
wetting properties. It was quantitatively shown that the 3-D shape of the liquid bridge and 
its interactions with the fibers vary significantly with varying the spacing between the 
fibers. Focusing on the transition from a liquid bridge in equilibrium to one that is 
detaching from one of the fibers spontaneously, it was shown that the relative angle 
between the fibers does not affect the outcome of a liquid bridge detachment (i.e., the 
fiber–fiber spacing at which detachment occurs is independent of the angle between the 
fibers). It was also shown that the liquid bridge detaches from the fiber that provides a 
weaker capillary force (after factoring the weight of the liquid), and the force needed for 
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detachment does not strongly depend on the size or the YLCA of the other fiber (as long 
as it provide a larger capillary force, of course). It was also shown that a mathematical 
criterion can be developed to predict which of the two fibers accommodating a liquid 
bridge will take the droplet that is resulted from the bridge detachment. 
 
In the previous and present chapters we presented our investigations on the detachment of a 
droplet from a fiber and the detachment of a liquid bridge between two fibers, respectively, 
which are interesting physical processes. They are also relevant to many important applications 
such as coalescence filtration, fog harvesting, fuel cells and many more. For example, in 
coalescence filtration liquid droplet detaches from a porous medium composed of multiple layers 
of fibers which is an extremely complex process. So, we chose to investigate the simple versions 
of this problem to start with. The experimental and computational methods used in the current 
study can be extended to investigate the more complex problem of droplet detachment from a 
porous medium composed of multiple layers of fibers. The results obtained in the present 
investigations help us to understand the basic mechanism of droplet-fiber interaction. In the 
previous chapter it was shown how the droplet detachment residue changed with fiber radius and 
YLCA of the fiber. In the current chapter we showed how the detachment force changed with the 
fiber radius and YLCA of the fiber. These qualitative relations should be true for the case of 
droplet detaching from multiple layers of fibers. Effects of the length of the contact line and 
wetted area of the fibers on the detachment force can be obtained from the numerical simulations 
performed in the current chapter. These qualitative relations should also be true for the case of 
droplet detaching from multiple layers of fibers  
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It should be noted that in the applications like coalescence filtration, the fibers are randomly 
arranged. It is almost impossible to measure accurately the length of the contact line and the 
wetted area for a droplet to be detached from it. So, it is almost impossible to predict the 
detachment force accurately for a droplet detaching from a porous medium composed of 
randomly arranged fibers beforehand. However, we can obtain an approximate value of the 
detachment force required to detach a droplet from a porous medium composed of randomly 
arranged fibers. For example we want to get an approximate value of the force required to detach 
a water (with 15% glycerol) droplet of volume 2.5 µL from a porous medium composed of 
randomly arranged fibers having fiber radius 105.5 μmfr   and YLCA 55o. Assuming that the 
droplet is of spherical shape (with volume 34
3 l
r ), the radius of the droplet is 841.95 μmlr  . 
So, the maximum number of fibers the droplet can be in touch with is 841.95 8105.5
l
f
r
r   . 
We already know from the present study that the force required to detach a water (with 15% 
glycerol) droplet of volume 2.5 µL from a fiber of radius 105.5 µm and YLCA 55o is around 
84.72 μNdF  . It can be said that the maximum force required to detach the droplet from the 
given fibrous medium will be 8 ൈ 84.72	μN ൌ 677.76	μN. It should be noted that this is the 
maximum possible detachment force and actual detachment force can be significantly lower than 
this value (140). However, we have an estimate of the detachment force value which is almost 
impossible to predict accurately beforehand.  
 
There are many other factors that can affect the detachment force value and detachment 
residue volume e.g. inhomogeneity in the distribution of fibers, roughness of the fiber 
surface which may promote pinning of the contact line, complex arrangement of fibers 
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which may make the shape of the contact line very complicated. It is a challenging task to 
include the effects of these factors in the detachment force and residue volume 
calculations. This should be the motivation to design more sophisticated experiments and 
develop more accurate mathematical models in future. 
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Chapter 4. Modeling Cassie Droplets on Superhydrophobic Coatings with 
Orthogonal Fibrous Structures 
 
 
4.1 Introduction 
Superhydrophobic surfaces are generally known for their ability to provide droplet contact angles 
(CAs) in the neighborhood of 150 degrees, and they are often produced by imparting roughness 
to a hydrophobic surface (53–57). There are two main stable wetting states for a droplet residing 
on a rough surface, the Wenzel state and the Cassie state (45–48). The Wenzel state corresponds 
to the state where the surface asperities are completely submerged in the droplet, whereas the 
Cassie state represents the condition where a layer of air is trapped underneath the droplet 
between the peaks of the surface protrusions (49–52). There are also some other wetting states in 
between or related to these two extreme states e.g., as impregnated Cassie state or rose petal state 
(45). 
 
While numerous studies have been focused on lowering the cost of micro-fabrication, 
manufacturing micro- or nano-roughness has remained a costly process. Moreover, adding 
microfabricated roughness to a surface with arbitrary or random curvatures is still a challenge. 
An alternative approach (amongst many other methods) has therefore been to impart comparable 
superhydrophobic behavior to a surface by coating the surface with fibers from a hydrophobic 
polymer (58–62). Fibrous coatings usually consist of layers of planar fibers deposited on top of 
one another in a random fashion. Coatings with random fiber orientations however, do not 
provide directionality to the mobility of a droplet over the surface. It is expected that controlling 
the orientation of the fibers in a coating can potentially provide some degrees of control over a 
droplet mobility on a surface. In fact, it has been shown that droplet can maintain different 
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apparent CAs in different directions on a surface made of parallel grooves for instance, 
indicating preferential droplet mobility along the grooves (63–72). While producing a fibrous 
coating made of parallel fibers that can resemble a grooved surface is not a challenge, controlling 
the porosity and uniformity of such coatings is quite hard as the fibers tend to pack relatively 
densely in a thin layer. A possible solution that helps with increasing the spacing between the 
fibers is to alternate the orientation of the fibers between the x- and y-directions during the 
spinning process. Coatings with orthogonally layered fibers tend to have a much higher porosity 
than their unidirectional counterparts and have been shown to exhibit unique properties for 
various applications (73-78,86). Unfortunately, coatings with orthogonal fibers may not 
necessarily perform like an anisotropic surface depending on the size and surface tension of the 
droplets, diameter and spacing of the fibers, and the Young–Laplace contact angle (YLCA) of 
the fiber polymer, as will be discussed later in this paper. 
 
Figure 4.1a shows a two-layer Polystyrene coating comprised of orthogonally oriented fibers 
with an average diameter of about 5 µm. As can be seen in the inset figure, such coatings tend to 
exhibit large CAs in the neighborhood of 150 degrees (droplet volume is 0.5 µl). Figure 4.1b 
shows water droplet CA on different Polystyrene coatings with having the same average fiber 
diameter but different average fibers spacing. Note that as fiber spacing varies significantly 
across each coating, we used solid area fraction (SAF) to characterize the density of the fibers in 
each coating (see (89) for more information on obtaining SAF values from SEM images) as the 
best alternative, although we recognize that fiber spacing and SAF are only weakly correlated. 
The experimental measurements given in this figure indicate that apparent contact angle 
generally decreases with increasing SAF but the trend is not monotonic due to variety of reasons, 
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some of which will be discussed later in this chapter. In this chapter, we study how fiber 
diameter and fiber spacing can cause a droplet on a coating with orthogonal fibers departs from 
the Cassie state, and provide analytical expression for such transition whenever possible. Such 
information can be quite useful in design superhydrophobic fibrous surfaces for variety of 
applications such as self-cleaning and anti-icing. 
 
Fig. 4.1: (a) An example SEM image of an electrospun superhydrophobic Polystyrene coating with two 
layers of orthogonal fibers. (b) Apparent CA measured using a 0.5 µl water droplet for coatings with 
different solid area fractions. Average fiber diameter was measured to be 5 µm. 
 
 
The remainder of this chapter is organized as follows. Section 4.2 presents our force 
balance method used to predict the stability of the air–water interface (AWI) underneath a 
droplet deposited on a coating. Section 4.3 describes our numerical simulation of droplet 
shape on fibrous coatings surface using the Surface Evolver (SE) finite element code 
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(174). Results of our simulations and analytical predictions are given in Section 4.4 
followed by our conclusions in Section 4.5. 
 
4.2 Analytical Equations for Air-Water Interface 
As mentioned earlier, a droplet deposited on a fibrous coating may be in the Cassie or 
Wenzel state depending on the volume of the droplet as well as the coating’s 
microstructural parameters. In this section, we derive a set of analytical expressions that 
can be used to predict the condition where a droplet may departure from the Cassie state.  
 
4.2.1 Balance of Forces on an Air-Water Interface 
We start by considering the maximum pressure that an AWI between the fibers of a coating 
underneath a droplet can tolerate before it fail and wet the coating (partially or completely). We 
first consider a droplet deposited on a coating made of parallel fibers (see Fig. 4.2).  
 
Fig. 4.2: Schematic representation of our virtual coatings made of two layers of parallel (a–b) or 
orthogonal fibers (c–d). 
 
 
The AWI between two adjacent parallel fibers is shown schematically in Fig. 4.3a. To make the 
expressions more general, the fibers are assumed to have different diameters and YLCAs, and 
are placed in different horizontal planes. The fiber diameter and YLCA are assumed to be 1fd and 
1
YL for the top layer, and 2fd and 2YL for the bottom layer, respectively. Fiber spacing is assumed 
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to be the same for both layers for the sake of simplicity. In a plane cutting through the center of 
the droplet, the AWI can be represented as an arc of a circle (a 2-D approximation). The forces 
acting on the AWI are the droplet pressure and the capillary forces from the fibers. Writing the 
balance of these two forces in the direction of 'z  axis, which passes through the middle of the 
line AB (see Fig. 4.3a), one can relate the pressure acting on the AWI FBP to the location of the 
AWI between the fibers, 
                          1 1 2 2
1 1 2 2
sin sin
2 cos
sin sin
YL YL
FB f fP s d d
        
            
                                            (4.1) 
where, 1 1 1 2 2
1 1 2 2
2 cos costan
sin sin
f f
f f
c d d
s d d
   
       
 is the angle between the 'z  axis and the vertical 
direction, and c  is the vertical center-to-center distance between the fibers in the first and second 
layers. In this equation, 1 and 2  are the immersion angles. The maximum pressure that an 
AWI between two parallel fibers can withstand can be calculated by solving the following 
coupled equations for 1  and 2 , and then by substituting these values in Eq. 4.1. 
                                          
1
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Fig. 4.3: Balance of forces across the AWI for parallel layers of fibers in (a), for orthogonal layers of 
fibers viewed from a direction along the fibers in the top layer in (b), and for orthogonal layers of fibers 
viewed from a direction perpendicular to the fibers in the top layer in (c). 
 
 
Figures 4.3b and 4.3c show a schematic drawing of the AWI in a coating with orthogonal fiber-
layers, from two different directions of along and perpendicular to the fibers in the top layer. 
Once again, one can relate the pressure over the AWI FBP  to the location of the AWI between the 
fibers by writing the balance of force in the vertical direction. In our derivations, the changes in 
1  and 2  along the length of the fibers were neglected for simplicity. The force in the vertical 
direction due to droplet pressure can be taken as   1 1 1 2 2 2sin sinf fFBP s d s d    . This force is 
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balanced by the vertical components of fiber capillary forces  2 2 22 sinfs d   and 
 1 1 12 sinfs d  . From the balance of forces, we obtain,  
                              1 1 2 2
1 1 1 2 2 2
sin sin
2
sin sin
YL YL
FB f fP s d s d
     
          
                                                         (4.3) 
where 1s  and 2s  are the center-to-center distance between the fibers in the first and second 
layers, respectively. Maximum FBP  can again be found by taking the derivative of Eq. 4.3 with 
respect to 1  and 2  and by solving the resulting coupled equation using the same approach 
presented earlier.  
 
It is important to note that an AWI may come into contact with the substrate underneath 
the fibers at pressures much smaller than those predicted by Eqs. 4.1–4.3 for certain 
coating geometries (fiber diameters, fiber spacing, or YLCAs). It is also possible that the 
AWI meets and coalesces with itself inside the coating under the first layer of fibers 
resulting in partial or complete wetting transition of the coating. These conditions are 
explained in the next two subsections. 
 
4.2.2 Cassie-to-Wenzel Transition. Mechanism I: Interface Sagging 
The first scenario of a droplet transitioning from the Cassie state is when the droplet comes into 
contact with the hydrophilic substrate underneath the coating before the pressure over its AWI 
exceeds the coating’s maximum capillary pressure (59). Consider a droplet deposited on a 
coating made of parallel fibers. An AWI between two adjacent fibers is shown schematically in 
Fig. 4.4a for when the AWI reaches deep into the coating to touch the substrate. It can be shown 
that the radius of curvature of this AWI ,fsagR   can be derived as, 
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where 2
1
f
f
dm
d
 , 1 cos YLi i    with subscript 1,2i   representing the layers and 0c   when 
1 2
f f fd d d   and 1 2YL YL YL    .  
 
Fig. 4.4: (a) Schematic representation of AWI coming into contact with the substrate for a coating with 
two parallel layers of fibers. (b) Transition pressure versus fiber spacing in coatings with parallel fiber 
having different fiber diameter in the top and bottom layers. 1 2 100
YL YL o   , 1 5μmfd  . 
 
 
The AWI’s transition pressure ,fsagP   can then be obtained from Laplace’s theorem, 
                                 , ,
f
sag f
sag
P
R
                                                                                                   (4.5) 
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Equation 4.4 can significantly be simplified for when the fibers of the top and bottom layers have 
the same diameters and YLCAs, i.e., 1 2f f fd d d  , 1 2YL YL YL    , and fc d . 
                     
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For given values of , fs d  and YL , transition pressure ,fsagP  for an AWI over parallel layers of 
fibers can be calculated using Eqs. 4.4–4.6. For instance, with 10μmfd  , 85YL o  , and 
264μms  , this pressure becomes equal to the Laplace pressure for a droplet with a volume of 
0.524μl . In other words, a droplet with a volume of 0.524μl  will not remain at the Cassie state on 
such coatings if 264μms  . Figure 4.4b shows the variation of ,fsagP   with s  for a surface coated 
with parallel fibers with different diameters. It can be seen that ,fsagP   decreases with increasing 
fiber spacing, but it increases with increasing the diameter of the fibers in the lower layer. 
 
Figures 4.5a and 4.5b show a schematic illustration for the AWI over a coating with orthogonal 
fibers from two different views of along and perpendicular to the fibers in the upper layer. These 
figures are drawn for when the AWI comes into contact with the substrate. Assuming that the 
AWI in a plane passing through the droplet center is part of an ellipsoid, the radius of curvature 
of the AWI will be the harmonic mean of the radii of curvature of the circular arcs shown in 
Figs. 4.5a and 4.5b. Each layer of fibers has a different fiber diameter, fiber spacing, or YLCA. 
These radii of curvature can be derived to be, 
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The transition pressure for the AWI over orthogonal layers of fibers can then be obtained as, 
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Fig. 4.5: Schematic representation of AWI coming into contact with the substrate for a coating with two 
orthogonal layers of fibers, with the view along the fibers of the top layer in (a) and along the fibers in the 
bottom layer in (b). Transition pressure versus fiber spacing in coatings with orthogonal fibers having 
different fiber diameter in the top and bottom layers in given in (c) for 1 2 100
YL YL o   , 1 5μmfd  . 
Transition pressures obtained for orthogonal and parallel-fiber coatings are compared with one another in 
(d) for 10μmfd  . 
 
 
From Eqs. 4.7–4.9, one can obtain, 
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For the special case of 1 2f f fd d d  , 1 2s s s  , and 1 2YL YL YL    , Eq. 10 simplifies to the 
following equation. 
                        , 2 2 2
24
8
f f
sag fP d s d s
                                                                                   (4.11) 
For instance, with 10μmfd  , 85YL o  , and 194.1μms  , this pressure becomes equal to 
the Laplace pressure for a droplet with a volume of 0.524μl , and so such a droplet will not 
stay at the Cassie state on such coatings if 194μms  . Figure 4.5c shows the variation of 
,f
sagP
  with fiber spacing for a coating with orthogonal layers of fibers having different 
diameters. It can be seen that ,fsagP   decreases with the increasing s , but it increases with 
the increasing the diameter of the fibers in the bottom layer. Figure 4.5d shows the 
transition pressures versus fiber spacing for 10μmfd  , 85YL o  ,  100YL o  for both 
coatings with parallel and orthogonal layers of fibers. It can be observed that ,fsagP   is 
always higher than ,fsagP   when the fiber spacing, fiber diameter, and YLCA are kept 
constant. This means that a droplet deposited on coating with parallel fibers transitions 
from the Cassie state at a greater fiber spacing compared to the same droplet sitting on a 
coating with orthogonal fiber-layers with the same fiber diameter and YLCA. 
 
4.2.3 Cassie-to-Wenzel Transition. Mechanism II: Interface Coalescence 
Another cause of departure from the Cassie state is the coalescence of different segments of the 
AWI inside a coating in such a way that it results in the submersion of a fiber-layer (70). As 
depicted in Fig. 4.6, if the diameter of the fibers in the bottom layer is large enough, the AWI 
from the lateral sides of a fiber may come into contact with one another and coalesce into one 
AWI underneath the fiber. Consider the transition pressure for an AWI over a coating with 
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parallel fibers as shown in Fig. 4.6a. Each layer of fibers has different fiber diameter and YLCA, 
but the fiber spacing is the same for both layers. The radius of curvature of the AWI when it is 
about to meet itself below the first layer should satisfy the following equation. 
     
1
2 22
, ,1 1
1 1 2 2 1 2 1 1 1 2cos cos cos4 4 2
f f
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coal coal
d dss d d R d d R d d d            
             (4.12) 
 
Fig. 4.6: Schematic representation of departure from the Cassie state due to AWI coalescing is given in 
(a) for coatings with parallel layers of fibers and in (b) and (c) for coatings with orthogonal fibers. Figures 
(b) and (c) are views along the fibers in the top layer and along the fibers in the bottom layer, 
respectively. 
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Departure from the Cassie state takes place through this mechanism for coatings if 2fd h  . 
Here, h  is the height of the AWI below the first layer at the moment of coalescence (see Fig. 
4.6a), and it can be calculated as, 
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Transition pressure for such coatings ,fcoalP   can then be calculated using Eq. 4.12 and the Laplace 
equation,  
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f
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Figures 4.6b and 4.6c show the transition through AWI coalescence in coatings comprised of 
orthogonal fibers. For such coatings, the transition takes place when 2fd h  where h  is the 
height of the AWI when it is about to meet itself below the first layer (see Fig. 4.6b), i.e., 
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The AWI radii of curvature can be calculated to be, 
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The transition pressure ,fcoalP   can again be obtained using the Laplace equation, 
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Figure 4.7a shows transition pressure for coatings with parallel and orthogonal fibers versus fiber 
spacing in the bottom layer 2s . It is important to note that 1s is equal to 2s for coatings with 
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parallel fibers, but this is not the case for coatings made of orthogonal layers. For both coatings 
1 1μmfd  , 2 20μmfd  , and 1 2 100YL YL o   , and 1 30μms  . It can be seen that ,fcoalP   = ,fsagP  at the 
2s value for which 2fh d  . For smaller fiber spacing, departure from the Cassie state occurs due 
to AWI coalescence, and the transition pressure can be calculated using Eq. 4.18. Similarly, ,fcoalP 
= ,fsagP  at the 2s  value for which 2fh d . For smaller spacing, the transition happens due to AWI 
coalescence, and  ,fcoalP   can be calculated using Eqs. 4.12 and 4.14. Figure 4.7a also shows that 
for all 2s  values, ,maxFBP   is higher than ,fsagP   and ,fcoalP  , while ,maxFBP  remains higher than ,fsagP   and 
,f
coalP
 . Therefore, for the conditions considered in this chapter, transition from the Cassie state 
takes place either due to the AWI coming into contact with the substrate or coalescing with itself 
below the first layer.  
 
Figure 4.7b shows an example of a droplet with a volume of 30.524mm deposited on a two-layer 
coating composed of parallel fibers ( 10μmfd  , 100YL o  , and 170μms  ). Figure 4.7c shows 
the same droplet on a similar coating but with orthogonal fibers. Two additional magnified 
images are added to these figures to better show the AWI between consecutive fibers in a plane 
cutting through the center of the droplet. The magnified images clearly show that a transition due 
to sagging mechanism is about to happen upon further increasing the fiber spacing in both cases. 
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Fig. 4.7: Transition pressure versus 2s  for coatings with orthogonal and parallel layers of fiber is given in 
(a) for 1 1μmfd  , 2 20μmfd  , 1 2 100YL YL o   , 1 30μms   for coatings with orthogonal fibers, and 
1 2s s  for coatings with parallel fibers. Droplet AWI coming into contact with the substrate on coatings 
with parallel and orthogonal layers of fiber are shown in (b) and (c), respectively. Here 0.524μldV  , 
100YL o  , 10μmfd  , 170μms  . 
 
 
The equations derived in this paper can be used to predict if a droplet can achieve the Cassie 
state on a coating with parallel or orthogonal fibers. For instance, consider a droplet with a 
volume of 30.524mm (a Laplace pressure of 288 Pa assuming a spherical droplet) on a coating 
with parallel layers of fibers with 10μmfd   and 100YL o  . To determine the fiber spacing at 
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which departure from the Cassie state takes place, one can assume a transition pressure of ,fsagP  = 
288 Pa in Eq. 4.5 and then solve this Eqs. 4.5 and 4.6 for s (resulting in 284.2μms  ). Similar 
calculations can be conducted for the orthogonal counterpart of this coating using in Eq. 4.16 to 
obtain a fiber spacing of 207.1μms  . Likewise, one can calculate a critical fiber spacing a given 
droplet on coatings with different microstructural parameters. Figure 4.8 shows the critical fiber 
spacing versus fiber diameter for coatings with parallel and orthogonal fibers at a Laplace 
pressure of 288 Pa and a YLCA of 100YL o  . This figure compares the predictions of our 
analytic calculations with those of SE simulations. It was found that cs  is greater for coatings 
with parallel fibers compared to their orthogonal counterparts. This is because of the staggered 
arrangement of fibers in coatings with parallel fibers, where the AWI is supported by a fiber 
from the top layer and a fiber from the bottom layer (see Fig. 4.7b). 
 
 
 
Fig. 4.8: Critical fiber spacing versus fiber diameter for coatings with parallel and orthogonal layers of 
fiber. 
 
 
 
 
(μm)fd
sc
(µ
m
)
0 5 10 15 20 25 30
75
150
225
300
375
450
parallel an
ortho an
parallel SE
ortho SE
Parallel, Eq. 5
Orthog nal, Eq.10
Parallel, Simulation
Orthog nal, Simulation
288PaP 
100YL o 
69 
 
4.3 Modeling Droplet Shape on Fibrous Coatings 
The roughness geometry of a coating comprised of parallel fibers is different from that of a 
coating made up of orthogonal of fibers. As such, one expects to observe different apparent CAs 
on these coatings. The CAs are expected to depend on fiber diameter, fiber spacing, and YLCA 
of the fiber material which will be discussed later in this paper. Among different methods 
reported in the literature (184–187) for modeling droplet shape on a surface, Surface Evolver 
(SE) code was considered in our study for its modest computational requirements and its 
availability in the public domain (174). SE computes the equilibrium shape of a droplet by 
minimizing the free energy of the fiber–droplet system (174). The system’s free surface energy 
can be expressed as: 
                         cos
sw
YL
aw
A
E A dA                                                                                                (4.19)          
The subscripts a, w, and s denote surrounding air, water, and solid (fibers), respectively. In this 
equation, awA and swA  are surface areas of the AWI and solid–water interface. The effects of 
gravity are not included in our work, as the droplets are assumed to be fairly small. To calculate 
fibers’ energy contribution, the integrand dA  in Eq. 4.19 must be derived for each fiber in the 
simulation domain. For the sake of simplicity, the fibers of the top layer are aligned in the y-
direction for all the coatings discussed in this work, i.e.,  
                          
2 2 2 2
yz xydA dx dz
x z x z
                                                                          (4.20) 
For an energy calculation, the volume of the fibers must be removed from the total volume under 
the AWI. This is done here by deriving an expression for the fiber’s volume element and 
incorporating that in the SE calculations, i.e., 
                                dV yzdx                                                                                                  (4.21) 
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For coatings with orthogonal layers, the area and volume elements for the fibers in the 
bottom layer (aligned in the x-direction) should also be described mathematically and 
programed in SE. With the customized area and volume elements, SE can produce the 
equilibrium shape of a droplet by minimizing the energy of the system while keeping the 
droplet volume constant. Starting from an arbitrary initial shape (represented with a 
piecewise linear set of triangular facets), SE can obtain the equilibrium shape of a droplet 
iteratively. Longitudinal and transverse apparent contact angles were measured from the 
full size longitudinal and transverse images of the droplet on a computer screen. In the 
absence of a universally accepted contact angle measurement method for a droplet on a 
rough surface, we estimated droplet apparent contact angles, at the intersection point of a 
horizontal baseline (drawn 6 – 8 µm above the coating’s top surface) and the droplet 
profile.  Obviously, close attention was paid to the consistency and reproducibility of 
these readings. 
 
4.4 Results and Discussion 
4.4.1 Effects of Fiber Diameter on Apparent Contact Angle 
Consider a droplet with a fixed volume deposited on a coating comprised of parallel fibers. Since 
the apparent CA is not uniform along the droplet contact line, it is expected that the apparent CA 
observed from a direction parallel to the fibers (longitudinal) will be different from that from a 
direction perpendicular to the fibers (transverse) as shown in Fig. 4.9a–4.9c.  
 
Figure 4.9d shows how longitudinal and transverse apparent CAs vary with fiber diameter for 
coatings with parallel fibers having a fiber spacing of 40μms  . As expected, apparent CAs are 
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greater than the YLCA in all cases, as the contact area between the droplet and solid surface is 
reduced in the Cassie state. More importantly, it can be seen that apparent CAs decrease with 
increasing fiber diameter. This is because the number of fibers on which the droplet sits increases 
with increasing the fiber diameter for a given fiber spacing. Therefore, the total wetted area of 
the coating increases with increasing fiber diameter. It can also be seen in Fig. 4.9d that 
longitudinal apparent CA is greater than its transverse counterpart (see Figs. 4.9a–4.9c). Figure 
4.9e presents the wetted area of the coating under the droplet. It can be seen that wetted area 
increases with increasing fiber diameter and it is always higher for coatings with smaller YLCA. 
The inset in Fig. 4.9e shows the fibers wetted length in planes cutting through the middle of the 
droplet in longitudinal and transvers directions. It can be seen that wetted length in the transverse 
direction is larger than that in the longitudinal direction especially when the fibers are thin. This 
seems to correlate well with how apparent CAs in the longitudinal and transvers directions 
behave in Fig. 4.9d, where a longer wetted length is observed for smaller apparent CAs.    
 
Although we started this subsection by assuming a coating comprised of parallel fibers, it is 
important to note that the above discussion also applies to coatings with orthogonal fibers as long 
as the spacing between the fibers is small enough for the droplet to remain in contact with the 
first layer only (the case shown in Fig. 4.9). It is in fact quite easy to analytically calculate the 
maximum fiber spacing below which a given droplet never comes into contact with the fibers in 
the second layer, regardless of the orientation of the fibers in the second layer. One can calculate 
the pressure at which the AWI deflects as much as one fiber diameter to reach the fibers in the 
second layer (assuming the point of contact with the fibers in the second layer is at an equal 
distance from the centers of the fibers in the first layer, i.e., the AWI is symmetric). 
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Fig. 4.9: Example simulation results showing a droplet on coatings with parallel fibers from longitudinal 
and transverse views: (a) 5μmfd  , (b) 15μmfd  ,  and (c) 25μmfd   with 100YL o  . Apparent CA 
and coatings wetted area in the longitudinal and transvers directions are shown for coatings with different 
fiber diameters with 85YL o   and 100YL o  in (d) and (e), respectively. The inset figure in (e) shows the 
wetted length under the droplet. 
 
 
Let us consider a droplet deposited on the first layer of fibers in a fibrous coating. Using the 
Cassie–Baxter equation, for the apparent CA in the longitudinal direction (the Cassie–Baxter 
equation does not apply to transverse CAs), one can obtain, 
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where   is the immersion angle, and it is dependent on droplet pressure, fiber diameter, fiber 
spacing, and YLCA (70,188). 
                                                       
 
 
2 sin
sin
YL
drop f
P
s d
  

                                                         (4.23) 
Longitudinal view Transverse view Longitudinal view Transverse view Longitudinal view Transverse view
5μmfd (a) 15μmfd (b) 25μmfd (c)
0 5 10 15 20 25
0.2
0.4
0.6
0.8
1
85o
100o
85YL o 
1 0YL o 
40μms 
w
et
te
d 
ar
ea
 (m
m
2 )
0 5 10 15 20 25
150
300
450
600
750
900 longitudinal
transverse
w
et
te
d 
le
ng
th
 (µ
m
) Transverse
Lon itudinal
(μm)fd
100YL o 
40μms 
(μm)fd0 5 10 15 20 25 30
100
110
120
130
140
150
160
170 LT from SE
TA from SE
LA from equation
LA from se 100
TA from SE 100
LA from Eqn 100
, 85L YL oA  
, =85T YL oA 
, 85 , Eq.22L YL oA  
, =100L YL oA 
, 100T YL oA  
, 100 , Eq. 22L YL oA  
θ A
(o
)
(μm)fd
40μms 
(e)(d)
73 
 
Predictions of Eqs. 4.22 and 4.23 are added to Fig. 4.9d, and show good agreement with the 
results of our numerical simulations. Note that the effects of fiber diameter on droplet apparent 
CA for when the droplet is in contact with both fiber-layers (i.e., for large fiber spacing values) is 
not discussed in this subsection, for the sake of brevity.    
 
It is interesting to note that the longitudinal CA value of 144L oA  shown in Fig. 4.9d for a 
coating with a fiber diameter of 5 µm is within 5% of its experimental counterpart given 
in Fig. 4.1b (i.e., 152L oA  ) for a SAF 0.23 which corresponds to the SAF the virtual 
orthogonal coating used in Fig. 4.9d. 
 
4.4.2 Effects of Fiber Spacing on Apparent Contact Angle 
The effects of fiber spacing on LA  and TA  in coatings with an arbitrary fiber diameter of 10 µm 
is studied in this subsection. As mentioned earlier in subsection 4.4.1, increasing the fiber 
spacing can result in the droplet coming into contact with the fibers in the bottom layer. The 
wetting behavior of a droplet becomes quite different when it is in contact with more than one 
layer of fibers, and that behavior is different depending on whether the second layer is 
perpendicular or parallel to the fibers in the top layer (see Figs. 4.10a–4.10i). For the set of 
parameters considered in the present study, the critical fiber spacing is found to be ts = 95.54 μm  
for coatings with an YLCA of 85YL o   and, ts =108.3 μm  for those with a YLCA of 100YL o  . 
It can be seen in Figs. 4.10j–4.10k that both the longitudinal and transverse CAs increase almost 
monotonically with s  for ts s (the number of fibers on which the droplet sits decreases and so 
the coating’s wetted area decreases). Predictions of Eq. 4.22 (applicable to longitudinal direction 
only) are also added to Figs. 4.10j and 4.10k for ts s , and good general agreement with the 
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results of our simulations can be observed. For ts s , the droplet sits on two layers of fibers, and 
the variation in the longitudinal and transverse CAs with s  depends strongly on the orientation 
of the fibers in the second layer (see Figs. 4.10a–4.10i). The longitudinal CA seems to 
periodically decrease and increase in different ranges of fiber spacing (e.g., from about 100 to 
200 µm for the case of coatings with parallel fibers and an YLCA of 85YL o  ) for both the 
orthogonal and parallel-fiber coatings. This behavior can be explained by considering the 
number of fibers in contact with the droplet for each fiber spacing. Note that immersion angle 
increases with increasing the spacing between the fibers, when the number of fibers in contact 
with the droplet is fixed. This in turn increases the coating’s wetted line in the longitudinal 
direction, and consequently decreases the longitudinal CA. Further increase in the fiber spacing 
forces the droplet to detach from some of the fibers farther away from the center. This decreases 
the coating’s wetted line in the longitudinal direction and increases the longitudinal CA. Further 
increase in the fiber spacing repeats the above effects, leading to the reported fluctuating 
longitudinal CAs. Note that despite these fluctuations, the net effect of increasing the fiber 
spacing is an overall (yet marginal) increase in the longitudinal CA. Similar variations in 
apparent CA was has also been reported for droplets deposited on a chemically heterogeneous 
substrate (63, 189). The data given in Figs. 4.10j and 4.10k seem to indicate that CA fluctuations 
become less significant when droplet diameter (about 1 mm here) is more one order of 
magnitude larger than 1 fiber spacing.  
 
Transverse CA, unlike its longitudinal counterpart, seems to be relatively independent of fiber 
spacing (transverse wetted length varies insignificantly with fiber spacing as shown in Figs. 
4.10a–4.10i). It is interesting to note a sudden drop in transvers CAs given in Figs. 4.10j and 
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4.10k for coatings with parallel fibers. This is accompanied with a sudden increase in the wetted 
length of the coatings in the transvers direction at the moment a droplet penetrates deep into the 
coating to reach the second layer of fibers (not shown with numbers for the sake of brevity but 
can be seen in Figs. 4.10c–4.10i).   
 
Overall, it can be seen that longitudinal CAs are greater than their transverse counterparts for 
both the orthogonal and parallel-fiber coatings. We observed for ts s that, CA on a coating with 
orthogonal fibers is higher than that of a similar coating with parallel fibers. However, a droplet 
deposited on the orthogonal coating is more susceptible to fiber spacing, and it may depart from 
the Cassie state earlier (as the droplet evaporates, for instance) than the same droplet on the 
coating with parallel fibers. Our analytical equations for a droplet with a volume 0.524μl  (see 
Secs. 4.2.2 and 4.2.3) indicated a departure from the Cassie state at a spacing of s  194.1 µm, 
for 85YL o  , and s  207.1 µm, for 100YL o  , on a coating with orthogonal fibers, and at s   
264 µm, for 85YL o  ,  and s  284.2 µm, for 100YL o  on the same coating but with parallel 
fibers.  
 
Maintaining the Cassie state on a fibrous coating depends on droplet volume, fiber diameter, 
fiber spacing, and YLCA of the fiber material. One can define the smallest YLCA for which an 
apparent contact angle greater than 90o is attainable as the minimum YLCA min90YL for a fibrous 
coating to be hydrophobic. To do so, one needs to first find the minimum YLCAs required for a 
droplet to remain at the Cassie state minYLCas , and then among them, find those that correspond to 
an apparent contact angle greater than 90o (i.e., min90YL ). 
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Fig. 4.10: Bottom views of a droplet with a volume of 0.524μl  deposited on coatings with parallel or 
orthogonal layers of fiber with different fiber spacing having 100YL o   and 10μmfd  . For (a) through 
(c) and the droplet is in contact with the top layer only ( 40μms  , 85μms  , and 105μms  in (a), (b), 
and (c), respectively). For (d) through (f) the droplet is in contact with both layers of a coating with 
parallel fibers ( 120μms  , 150μms  , and 160μms  in (d), (e), and (f), respectively). For (g) through 
(i) the droplet is in contact with both layers of a coating with orthogonal fibers ( 120μms  , 170μms  , 
and 190μms  in (g), (h), and (i), respectively). Longitudinal and transvers CAs versus fiber spacing for 
85YL o   and 100YL o  are given in (j) and (k), respectively. 
 
 
Let us consider the simple case of a droplet on a coating with a single layer of parallel fibers. It 
can be shown that, departure from the Cassie state (due to interface sagging) happens only when 
the following equation is satisfied, 
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It can clearly be seen from Eq. 4.24, that mincos YLCas  is proportional to 2s  but inversely 
proportional to fd (i.e., stronger dependence on fiber spacing). In using this equation, note that 
fs d . This is in conceptual agreement with the work of (51) and (190) who showed surfaces 
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with re-entrant geometry may exhibit hydrophobic behavior even with YLCAs less than 90 
degrees. Note however that, if the sparing between the fibers becomes so small that the fibers 
come into contact with one another, the coating geometry will no longer provide a re-entrant 
structure, and no Cassie droplet should be expected for 90YL o  .  
 
Equations 4.22 and 4.23 can be used to calculate min90YL  by assuming 90L oA  , i.e.,  
                                               min90
sincos YL f
s
d
                                                                  (4.25) 
and  
                                                
 
 
min
902 sin
sin
YL
drop f
P
s d
  

                                                            (4.26) 
For instance, for a droplet with a volume of 0.524μl  on a coating comprised of a single 
layer of fibers with 5μmfd  and 5.5μms  , one obtains min 6.31YL oCas   and min90 86.4YL o  . 
This means that such a coating can exhibit hydrophobic behavior for 86.4YL o  . To 
confirm that the droplet is at the Cassie state, one should check if min min90YL YLCas  . 
 
4.5 Conclusions 
The Cassie state of a droplet deposited on a coating with orthogonal fibers is studied in 
this paper. For comparison, similar coatings comprised of parallel fibers are also studied, 
as a droplet may only interact with a layer of parallel fibers when the fiber spacing is 
smaller than some critical spacing value. Easy-to-use analytical expressions are derived to 
predict the condition in which a droplet may depart from the non-wetting Cassie state by 
partially or completely wetting the coating below it. The numerical simulations conducted 
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in this work indicate that apparent contact angles of a droplet can be increased by 
decreasing the diameter of the fibers in the coating for a given fiber spacing (fiber count 
per unit length). Similarly, it was shown that increasing the fiber spacing, up to a critical 
value, can also help to increase the contact angles on a coating with a given fiber 
diameter. However, droplet contact angle can exhibit considerable fluctuations with 
varying fiber spacing. Considerable differences was observed between droplet contact 
angles on orthogonally layered and parallel-fiber coatings, i.e., a droplet may achieve 
higher contact angles on a coating with orthogonal fibers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
79 
 
Chapter 5. Role of Particles Spatial Distribution in Drag Reduction Performance of 
Superhydrophobic Granular Coatings 
 
 
5.1 Introduction 
Superhydrophobic (SHP) coatings, coatings that bring about roughness and hydrophobicity, have 
been reported to reduce the friction drag between a body of water and a surface 
(55,56,80,84,191-194). This effect is attributed to the ability of a rough hydrophobic surface to 
entrap air bubbles in its pores and thereby reduce the contact between the solid surface and the 
water. The contact area and the friction between the water body and the SHP surface can be 
manipulated by controlling the volume and the pressure of the air bubbles entrapped in the pores 
of the SHP surface in the submerged condition (195) as well as for the case of a droplet 
deposited on a SHP surface (196,197). SHP surfaces can potentially be applied to the hull of a 
boat or the inner walls of a pipe to reduce friction (82,198,199).  
 
SHP surfaces are often produced by microfabricating small features on a smooth surface and 
then applying a hydrophobic coating to the roughened surface (84,192). A more cost-effective 
alternative is to coat the smooth surface with a porous hydrophobic material, e.g., Polystyrene 
fibers or aerogel particles among many others (58,86,87,89,200). Depending on coating 
geometry and flow parameters, the Wenzel state (fully-wetted), the Cassie state (fully-dry), or a 
series of transition states in between the two extreme states may prevail over a submerged SHP 
surface (78,45,51,52,195). Unfortunately, even a slight departure from the Cassie state may 
result in a rapid increase in the surface wetted area (solid area in contact with water), and a 
consequential diminishment of the drag reduction effect, as will be discussed later in this paper 
(201).  
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Predicting the shape and position of the air–water interface over a SHP surface comprised of 
round objects (e.g., spherical objects) is not a trivial task. This is because the air–water interface 
does not become pinned to the round entrance of the pores, and so its shape and position can 
easily vary in response to variations in the instantaneous pressure over the surface (87,202). This 
in turn makes the drag-reduction benefit of the surface highly pressure dependent. In a previous 
study, we developed a modeling method to predict the shape and position of the air–water 
interface in order to obtain the wetted area of a granular SHP coating as a function of pressure 
(90,91). While the drag force caused by a SHP surface is related to its wetted area, the nature of 
this relationship is not very clear, as will be discussed with more details in the next section. 
Therefore, the current study is devised to calculate the drag reduction advantage of a granular 
SHP coating in terms of its microstructural parameters. For the sake of simplicity, our study is 
limited to the case of granular coatings made of spherical particles with identical size but ordered 
or random spatial distributions.   
 
The remainder of this chapter is organized as follows. In Section 5.2, we present a brief overview 
on the drag reduction benefits of SHP granular coatings. Section 5.3 presents our approach to 
model the shape and position of the air–water interface (AWI) over a SHP granular coating. Our 
drag reduction calculation method is described in Section 5.4 along with a validation study in 
Section 5.5. Results and discussion are given in Section 5.6 followed by our conclusions in 
Section 5.7. 
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5.2 Drag Reduction from Superhydrophobic Granular Coatings 
As mentioned earlier, a cost-effective approach to produce a SHP surface is to coat a 
substrate with a hydrophobic material that can add roughness to the surface. Figure 5.1a 
shows an example of such a surface made of pulverized aerogel particles. When the void 
between the particles is completely filled with air, the surface is generally considered to 
be at the Cassie state (fully dry).  
 
Fig. 5.1: (a) Droplet deposited on a granular surface made of pulverized aerogel particles (b) 
schematic representation of an idealized granular coating deposited on a flat surface (c) Schematic 
representation of the computational domain considered for calculating the flow over a 
superhydrophobic granular coating in a Couette configuration. (d) Schematic diagram describing 
the slip length concept for flow over granular SHP coating. 
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However, when the pressure over the AWI is elevated (either because droplet’s Laplace 
pressure is too high or because the surface is submerged), water may penetrate into the 
void space between the particles to partially wet the surface (i.e., causing the surface to 
depart from the Cassie state). Figure 5.1b shows a schematic of an idealized granular 
coating deposited on a flat surface (a layer of spherical particles with identical diameters). 
As discussed previously (78,87,90,91,202), the balance between the forces acting on the 
AWI (shown with red color in Figures 5.1c and 5.1d), will eventually determine the 
location of the AWI and the wetting state of the surface. Knowing the location of air–
water–solid contact-line (referred to here as three-phase contact-line or contact-line for 
brevity) from the balance of forces, and the surface geometry, one can predict the wetted 
area of the surface (green area above the AWI in Figures 5.1c and 5.1d). A body of water 
moving over a SHP granular coating experiences frictional (no-slip) contact with the 
coating’s wetted area, but slippery (shear-free) contact along the AWI (see Figures 5.1c 
and 5.1d). Overall, one can expect a reduction in the total surface friction due to the 
reduction in the total wetted area of the surface in comparison to the uncoated flat surface. 
The decrease in the friction drag over a SHP surface is often characterized using slip 
length b  which is a geometric interpretation based on the average distance underneath the 
top of the particle coating at which the velocity extrapolated to zero (see Figure 5.1d). 
 
While the drag force caused by a SHP surface is related to its wetted area, the nature of 
this relationship is not very clear. As shown in (92,93) for instance, the air bubble 
entrapped in the sharp-edged pores of a SHP surface may protrude into the flow region (if 
the pressure outside the pores is less than that inside the pores) to increase the drag force 
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without increasing the wetted area of the surface (wetted area remains the same due to 
AWI pinning). As will be seen later in this paper for unpinned AWIs (round pores), 
bubble protrusion into the flow domain does not severely affect the surface drag reduction 
performance as it comes with a decrease in the surface wetted area. However, the drag 
reduction benefits of a surface comprised of round-edged pores (or particles, for instance) 
is generally lower than those of sharp-edged pores (e.g., a surface made of vertical mirco-
posts) with identical solid area fractions. This is because of the aforementioned need for 
the AWI to move into the pore space to a depth that allows it to conform to the Young–
Laplace contact angle (YLCA). This will obviously increase the wetted area of the 
surface even in the absence of a hydrostatic pressure over the surface. In fact, friction on a 
SHP granular surface depends on three main parameters, area and the 3-D shape of the 
wetted solid surface, area and the 3-D shape of the AWI (either concave or convex), and 
the size distribution of the individual wetted areas (or individual shear-free areas). To 
further study these parameters in this paper, we produce virtual SHP granular coatings 
with random or ordered particle arrangements and study their drag reduction performance 
in a Couette flow geometry as shown in Figures 5.1c and 5.1d. The calculation details are 
given in Section 5.3 and 5.4. 
 
5.3 Modeling Air-Water Interface Over Superhydrophobic Granular Coatings 
As mentioned earlier, we expect water drag force on a SHP granular coating to be dependent on 
the wetted area, shear-free area, and relative size of the individual wetted areas. While our main 
objective here is to study coatings having particles with random spatial distributions (for obvious 
practical reasons), we also consider coatings with ordered particle distributions in square and 
staggered arrangements for comparison. 
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The Surface Evolver (SE) finite element code (174) is used in this study to predict the 3-D shape 
and the location of the three-phase (air–water–solid) contact-line over the particles.  SE 
computes the equilibrium shape of the AWI by minimizing the free energy of the entire system 
given as 
                                                        cos
sw
YL
aw h a
A
E A dA PV                                              (5.1) 
Here,   is surface tension of water, YL  is Young-Laplace contact angle (YLCA) of the granular 
particles, awA  is area of the AWI, swA  is area of the wetted solid, hP  is the prescribed pressure on 
the AWI and aV  is volume of the air under AWI. We start the SE simulation with an arbitrary 
initial shape of the AWI represented with a piecewise linear set of triangular facets. The shape of 
the AWI is updated in each iteration. SE computes the energy of the AWI by computing the area 
of the AWI represented with a piecewise linear set of triangular facets and multiplying that area 
by . SE also needs to compute swA  to calculate the energy contribution of the particles. The 
solid-water interface is constrained to lie on the surface of the spherical particles. In SE, it is 
more convenient to use a path integral for each solid-water interface or particle-water interface 
area to compute their energy contribution to the total energy E . Using the SE manual (174) we 
derived the path integral to account for the particle-water interface area: 
                                                    2 2 ˆˆ ˆ .
sw swA A
zrdA yi xj dl
x y
                                                     (5.2)   
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Fig. 5.2: Air–water interface over a unit cell of coatings with square and staggered particle arrangements 
under arbitrary positive, zero, and suction pressures. For all cases 30μm, 120 and SVF=0.2YL od   . 
 
 
SE needs to calculate the total volume of air under the AWI i.e. aV  . In order to do that SE needs 
to subtract the part of the volume under the AWI occupied by the particles from total volume 
under the AWI. The volume under the AWI is computed by SE by computing the volume of the 
vertical prisms between each facet of the AWI and 0z   plane. Since we don’t represent the 
particle-air interface by facets in the simulation, we had to use a path integral for each particle to 
find the volume under the AWI occupied by the particle. Using the SE manual (174) we derived 
the path integral: 
                                                     
3
2 2
ˆˆ ˆ .
3
sw
s
A
zV yi xj dl
x y
                                                      (5.3) 
(c) (d)
(e) (f)
(a) (b)
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With the above expressions of the path integrals for the particle-water interface area and volume 
sV , SE can then be used to produce the equilibrium shape of the AWI that minimizes the energy 
of the system at a given pressure hP  iteratively. Figure 5.2 shows examples of such calculations 
conducted for coatings with square and staggered arrangements of particles under zero, positive 
and negative pressures (only a unit cell is shown due to periodicity of the geometry). Figure 5.2 
shows that the AWI penetrates deeper into the coating with the hydrostatic pressure hP  
increasing from a suction pressure (negative pressure) to a positive pressure leading to an 
increase in the wetted area of the surface.  
 
It is important to mention here that the hydrostatic pressure at which the three-phase 
contact-line leaves the pore entrance (pore’s top surface) is generally referred to as the 
critical hydrostatic pressure of the surface (52,87,90,202). This definition was originally 
intended for pores with a sharp-edged entrance where the interface pins itself to the edges 
of the pore. The definition of critical hydrostatic pressure is not as clear when it comes to 
pores with a round entrance (e.g., void between particles). This is because the unpinned 
three-phase contact-line in this case needs to move down into the pores to conform to a 
shape that maintains an angle with the wall equal to the YLCA. Therefore, for the lack of 
a better alternative, critical hydrostatic pressure for a pore formed between spherical 
particles (or cylindrical objects) is taken to be the hydrostatic pressure at which the AWI 
moves deep into the pore to reach a critical immersion angle of cr   for which the 
capillary pressure capP  is maximum (see (78,87,90,201-203) for more detailed 
information). 
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Note that pressure in our SE simulations is meant to represent the difference between the 
pressure above the AWI in water and the pressure in the air entrapped in the void between 
the particles, regardless of the source or cause of the pressure. This pressure can be 
present due to just a hydrostatic pressure or a combination of hydrostatic and 
hydrodynamic pressures. We have assumed that the flow is slow and steady (no time-
dependent pressure fluctuations or turbulent effects), but a geometry-induced effect can 
cause the pressure to vary from one case to another or even become negative (e.g., flow 
over a macroscopically-large curved surface like a hydrofoil or whenever in a Venturi-
like effect can be observed). 
 
5.4 Slip-Length Calculation 
To simplify an otherwise overwhelmingly difficult problem, we assume the drag-reduction 
performance of a SHP surface to be time-independent for a given hydrodynamic condition. We 
then solve the Navier–Stokes equations for the flow over the surface comprised of a series of 
frictional solid areas (wetted areas) and shear-free AWI areas. The 3-D shape and the location of 
these areas are obtained from the simulations discussed earlier in Section 5.3. The continuity and 
momentum equations for a steady incompressible Couette flow of water over our SHP granular 
coatings are solved numerically using the finite volume method implemented in ANSYS CFD 
code,   
                                                                  0i
i
u
x
                                                                        (5.4) 
                                                            
2
i i
j
j i j j
u uPu
x x x x
                                                        (5.5) 
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where iu  is the velocity, ix  is the Cartesian coordinate directions,   is water density, P is 
pressure, and   is water viscosity. We used the no-slip boundary condition for the wetted area, 
but considered the symmetry boundary condition for the AWI to resemble a shear-free boundary. 
As was shown in Figure 5.1c, periodic boundary condition (PBC) is considered in the streamwise 
and lateral directions. The Reynolds number Re , defined based on the Couette gap distance H  
and upper wall velocity pU , was varied from 0.01 to 18.  Following Choi and Kim (192) and 
Srinivasan et al. (204), we define effective slip length as  
                                                                        ( 1)nsu
s
b H                                        (5.6) 
where s and ns are the shear stress at the upper plate in a Couette flow with a SHP bottom plate 
and stationary bottom plate without a SHP coating, respectively. Treating a woven screen as a 
planar surface, an approximate but yet easy-to-use effective slip length expression (Equation 5.7) 
was provided by Davis and Lauga (205) and Srinivasan et al. (204) and is used here for 
comparison. 
                                             
 2 1 1
ln
3
w
app
w
ALb
A 
                                                          (5.7) 
Here, wA  is wetted area fraction, and it is calculated based on the actual solid–liquid interface 
area obtained from SE simulations in our work. In this equation L  is center-to-center spacing 
between two particles in an aligned granular coating. It should be mentioned that, our 
simulations are set up on a one-way-coupling basis in which the AWI can affect the flow field 
but not the other way around. In other words, it is assumed that hydrodynamic stresses are too 
small to deform the AWI. This is justified based on the fact that the capillary number 
.
/ 2Ca d   for our coatings is much smaller than one ( . is a characteristic shear rate, e.g.,
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/pU H ) (93, 206, 207). For instance, for an upper plate velocity of 0.1pU  m/s and a gap 
distance of 179H  µm, we can obtain . 1/ 558 spU H   and so 45 10 1Ca     for a coating 
comprised of particles with a diameter of 30d  µm (with water having viscosity and surface 
tension coefficients of 310  Pa.s and 372 10   N/m, respectively). 
 
5.5 Validation 
In this section, we examine the accuracy of the computational data produced in our study for 
both the AWI modeling and slip length calculation. As mentioned earlier, the equilibrium shape 
of the AWI was produced using SE. To validate our SE simulations, we compare the wetted area 
fraction obtained from our simulations with those obtained using a force balance (FB) equation 
(78, 87, 202). For this comparison, we considered a SHP granular coating having a particle 
diameter of 30μmd  , a YLCA of 120YL o  , and a solid volume fraction (SVF) of 0.1 on a 
square particle arrangement. Balance of forces acting on an AWI between four particles in a 
square packing at equilibrium requires the hydrostatic pressure in the z-direction to be countered 
by the capillary forces generated by the particles, i.e.,  
                                                                       (5.8) 
For a given hydrostatic pressure hP , we can obtain immersion angle   by solving Equation 5.8 
(87, 202). The wetted area fraction can then be computed as, 
                                                      22 1 cos2w
dA
L
                                              (5.9) 
It can be seen in Figure 5.3a that our SE simulation results are in very good agreement 
with those from FB equations. It is worth mentioning that we use SVF to characterize the 
2 2
2 sin 3sin cos
4 2
YL
h
dP L d                
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density (or crowdedness) of our coatings as it represents the mass of the particles placed 
on the surface (one layer thick coatings), and it is a parameter that can be used in 
manufacturing. This is somewhat in contrast to some studies in the literature where solid 
area fraction (SAF) or gas area fraction (GAF) has been used in the discussing slip length 
over a SHP surface. It is important to note that SAF (or GAF) is more suitable for SHP 
surfaces with flat-top asperities (e.g., surfaces comprised of sharp-edged micro-posts) as 
in such cases SAF is practically the same as the wetted area, and it is a constant value 
independent of pressure (due to AWI pinning). In our work on the other hand, the AWI is 
not pinned and so it is allowed to move up or down in response to pressure. This makes 
the wetted area pressure dependent.  To ensure that our slip-length calculations are not 
affected by the choice of grid size, we repeated one of our simulations using different 
mesh densities, and monitored how our slip length predictions were affected. More 
specifically, a SHP coating comprised of particles with a diameter of 30μmd  , a YLCA 
of 120YL o  , and square packing fraction of 0.1 is considered in Couette flow at a 
hydrostatic pressure of 200 PahP  . An upper plate velocity of 0.1m/spU   and a gap 
distance of 179μmH   were considered for the simulations. The computational domain 
was meshed using a tetrahedral mesh refined near the AWI and the particles. The 
effective slip length was calculated using Equation 5.6 for different mesh size   on the 
three phase contact line. As can be seen in Figure 5.3b, increasing the mesh density by a 
factor of 4 only impacted the slip length by a factor of  0.96, and no measureable mesh 
dependence was overserved for / 34d   .  A mesh density of / 34d    has then been 
considered for all the simulations reported in this chapter (see (208) for more information 
about slip length calculation).  To investigate how particles’ random spatial positons in a 
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coating can impact its effective slip length, four statistically identical coatings having 
different particle distributions are simulated and their drag reduction performance is 
shown in Figure 5.3c. It can be seen that effective slip length values average to about 19.3 
µm with a standard deviation of about 1 µm (a wetted area fraction of 0.19wA  was 
observed for all four coatings). It is also worth mentioning that no dependence on the 
upper plate velocity was observed for the slip length values reported in this paper (for the 
range tested, i.e., 0.005 < pU < 0.1 m/s), which is in agreement with the work of Cottin-
Bizonne et al. (209). 
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Fig. 5.3: (a) Comparison between wetted area fractions obtained from our SE simulations and 
from analytical force balance calculations for a granular coating with square particle packing. (b) 
Effects of mesh density on effective slip length for a granular coating with square particle 
packing. (c) Effects of different particle arrangements on slip length in granular coatings with a 
constant SVF but different random distribution of particles. 
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5.6 Results and Discussion 
5.6.1 Effects of hydrostatic pressure on slip length 
As discussed in previous works (90,91), a coating’s wetted area may vary significantly with 
hydrostatic pressure (non-dimensionalized using a length scale characterizing the inter-particle 
spacing, i.e., unit cell length L , and surface tension).  As can be seen in Figure 5.4a, the wetted 
area fraction increases rapidly with increasing hydrostatic pressure from a negative suction 
pressure (e.g., caused by the Venturi effect) to a positive compression pressure (e.g., flow in a 
pressurized channel). This is because the AWI moves deeper into the coatings with increasing 
pressure but tends to move upward to protrude into the flow domain with deceasing pressure as 
shown earlier in Figure 5.2. Reduction in the wetted area fraction due to negative suction 
pressure for a hierarchical SHP surface in submerged conditions were earlier reported by Verho 
et al. (195). It can also be seen in Figure 5.4a that spatial distribution of the particles (other 
parameters held constant), does not significantly affect the relationship between the wetted area 
and normalized hydrostatic pressure. Figure 5.4b shows normalized effective slip length versus 
normalized pressure for the same coatings. It can again be seen that slip length is not very 
sensitive to spatial distribution of the particles in a coating, and it decreases with increasing 
wetted areas (e.g., caused by pressure). Interestingly, the increase in slip length at negative 
pressures is much more significant than its decrease in positive pressure. Note that, while the 
drag reduction behaviors of these three types of coatings are similar, coatings with ordered 
(square or staggered) arrangements have high critical hydrostatic pressures, and are therefore less 
prone to failure (90, 91). We obtained critical hydrostatic pressures of about 1125 Pa and 930 Pa 
for the ordered (identical for square and staggered) and random coatings simulated in Figure 5.4. 
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Likewise, the critical suction pressures for ordered and random coatings were found to be about 
390 Pa and 370 Pa, respectively. 
 
For comparison, effective slip length is also calculated using Equation 5.7 for coatings with 
square particle packing and the predictions are added to Figure 5.4b. Note that Equation 5.7 
provides the same slip length values for coatings with staggered or random particle arrangements 
as they all have the same wetted area fractions. It can be seen that the approximate expression 
given in Equation 5.7 under-predicts the slip length values, and the mismatch increases at lower 
pressures.  We believe this is because Equation 5.7 was originally derived for planar woven 
geometries with relatively high wetted area fractions and so it becomes inaccurate when used for 
a granular surface under a negative (suction) pressure (208). Our simulation results indicate that 
slip length is strongly dependent on pressure (wetted area fraction) at low hydrostatic pressures, 
but the dependence becomes progressively weaker at higher pressures (wetted area fractions). It 
should also be noted that the difference between ub  and appb  increases in negative pressure. In 
the negative pressure, slip length increases due to the decrease of wetted area fraction and also 
due to the penetration of the shear free AWI into the water domain. appb  cannot capture the 
increase in slip length due to the protrusion of the AWI into the water domain, because it was 
derived for flat AWI. But accurate AWI shape obtained from SE was used for the calculation of 
ub . So, both of these effects were taken care of while calculating ub . That’s why ub  was much 
higher compared to appb  under negative pressure. 
  
It is important to mention that slip length over a SHP surface comprised of sharp-edge 
pores may reach a maximum value with decreasing hydrostatic pressure as discussed in 
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some pioneering works such as (92, 93, 206, 210, 211). However, this was not observed 
for our granular coatings where the unpinned AWI could easily move up or down in 
response to pressure (wetted area fraction is pressure-dependent here, and it varies 
monotonically with pressure). Figure 5.4c shows slip velocity contour plots along the 
AWI for a coating with a random particle arrangement at two different pressures of 
350 PahP   and 900 PahP  . It can be seen that slip velocity is much higher (and so the slip 
length is bigger) when the coating is exposed to a negative pressure. 
 
In a previous work, Samaha et al. (81) reported that the drag reduction performance of 
microfabricated surfaces comprised of randomly distributed sharp-edged microposts were 
significantly better than that of a similar surface with a staggered arrangement of 
microposts at low solid area fractions. They showed that with the random post 
configuration, there was always a possibility that the flow would find larger passages 
between the posts leading to a higher overall slip velocity. However, it is important to 
note Samaha et al. (81) assumed a flat profile for the AWI between their sharp-edged 
posts. As shown in Figure 5.4, the shape and position of the AWI varies with pressure. 
Deflection of the AWI under pressure has an adverse effect on the drag reduction 
performance of a SHP surface as mentioned by Sbragaglia and Prosperetti (212). 
Deflection of the AWI is larger in regions where particles are farther away from each 
other in a SHP coating with randomly distributed particles, and this tends to work against 
(or perhaps cancel) the positive effect of having a larger local passage area mentioned by 
Samaha et al. (81). This further highlights the importance of including the AWI curvature 
in studying drag reduction performance of SHP surfaces. 
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Fig. 5.4: Effects of normalized hydrostatic pressure on wetted area fraction (a) and normalized 
slip length (b) for coatings with square, staggered, and random particle arrangements. Contours of 
slip velocity in the x-direction for coating with random particle distributions at hydrostatic 
pressures of = 350 PahP   and =900 PahP  are given in (c). Dark blue to dark red represent slip 
velocity from 0 to 0.0382 m/s . For all these cases Re 17.8 . 
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5.6.2 Effects of coatings’ particle diameter on slip length 
Effects of particle diameter on coatings’ effective slip length are discussed in this section. Since 
identical slip lengths were obtained for coatings with ordered and random particle arrangements 
(see Section 5.6.1), we only consider coatings with square particle packing in this section.   
 
Fig. 5.5:  Effects of pressure on slip length (a) and wetted area fraction (b) for coatings having a square 
particle arrangement made of particles with different diameters. Wetted area and slip length data are 
shown in dimensionless forms in (c) and (d), respectively. For all these cases Re 17.8 . 
 
 
Figures 5.5a, and 5.5b show the effects of pressure on slip length and wetted area fraction for 
coatings with a fixed SVF of 0.1 but varying particle diameters. It can be seen that the slip length 
and wetted area fraction both increase with increasing particle diameter. This rather surprising 
behavior can be attributed to the fact that for a surface with a given SVF, decreasing diameter of 
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the particles increases the number of particles per unit area of the surface (although the wetted 
area of each particle will be smaller), and this tends to prevent the formation of a strong slip 
velocity along the AWI.  
 
In a previous work on 2D flow in microchannel (213), it was shown that a surface having fewer 
number of large slip patches provides more drag reduction than a surface having large number of 
smaller slip patches. This effect can also be explained using Equation 5.7, where effective slip 
length shows more dependence on the pitch between the particles L (linearly dependent on 
particle size) than on the wetted area fraction wA  (independent of particle size at zero pressure, 
but mildly dependent on particle size at higher pressures) when SVF is kept constant. To further 
discuss this effect we present the coatings’ wetted area fraction versus dimensionless pressure in 
Figure 5.5c. It can be seen that the wetted area fraction is a single-valued function of 
dimensionless pressure (no dependence on particle size). On the other hand, presenting 
dimensionless slip length versus wetted area fraction (see Figure 5.5d), we can observe some 
dependence on particle size (albeit weak). This again indicates that the wetted area (or 
SAF/GAF) alone is not sufficient for slip length prediction. It is however, interesting to note that 
a pressure-independent wetted area model (Eq. 5.7) fails to recognize this dependence (see the 
solid symbols in Figure 5.5d). 
  
It is also interesting to note that according to Equation 5.9, wetted area fraction is a linear 
function of SVF ( 2( / ) / 6d L ) for a coating with particles packed in a square arrangement, 
when the pressure is zero (i.e., when the immersion angle is a constant number
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180o YL   ). This is why wetted area fraction is independent of particle diameter if the 
SVF is kept constant and in the absence of hydrostatic pressure (see Figure 5.5b). 
 
5.6.3 Effects of coatings’ solid volume fraction on slip length 
Effects of varying a coating’s SVF on its drag reduction performance are shown in Figure 5.6a.  
It can be seen that the effective slip length decreases with an increasing SVF for all the three 
types of coatings considered (predictions of Equation 5.7 are also added for the case of coatings 
with square particle packing for comparison). This is primarily because the coatings’ wetted area 
fraction increases monotonically with increasing the SVF (see the inset in Figure 5.6a). Also, it 
can be seen that the arrangement of the particles has no significant effects on the wetted area 
fraction or on slip length. To better visualize the effects of the SVF on slip length, slip velocity is 
shown in Figure 5.6c for coatings with ordered and random particle positions at two different 
SVFs of 0.05 and 0.25 on the same plot. Higher slip velocities are evident for coatings with 
lower SVFs. 
 
Figure 5.6b shows the effects of SVF on slip length under an arbitrary suction pressure of -100 
Pa. For the sake of brevity, we have only considered coatings with square particle packing. As 
expected, slip length decreases with the increasing SVF, and the rate of decline is higher at lower 
SVFs. Predictions of Equation 5.7 are also added to this figure for comparison, and it can be seen 
that this equation significantly under predicts the slip length at low SVFs. 
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Fig. 5.6: Effects of SVF on the normalized slip length under arbitrarily chosen positive (a) and 
negative (b) hydrostatic pressures (wetted area fractions are given as inset). (c) Contours of slip 
velocity in the x-direction for coatings with square, staggered, and random particle arrangement at 
SVFs of 0.05 and 0.25. Dark blue to dark red represents slip velocity from 0 to 0.0263 m/s . For all 
these cases Re 17.8 . 
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5.6.4 Effects of coatings’ Young–Laplace contact angle on slip length 
Our simulations conducted for coatings with different YLCAs indicate that slip length 
increases while increasing the YLCA, as can be seen in Figure 5.7. This is because the 
wetted area fraction decreases with increasing YLCA as the AWI penetrate less deeply 
into the pore space between the particles when the YLCA is higher.  
 
Fig. 5.7: Effect of Young–Laplace contact angle on normalized effective slip length for coatings 
with square particle arrangements. For all these cases Re 17.8 . 
 
 
Our results indicate that slip length increases more significantly with YLCA under 
suction pressures. Predictions of Equation 5.7 are also added to Figure 5.7, and it can 
once again be seen that they under-predict the numerical simulation results. While the 
results presented here are obtained for coatings with square particle packing, we expect 
similar performances from coatings with random particle distributions based on the 
observations made in earlier parts of this paper. 
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5.6.5 Effects of particles’ spatial distribution on slip length 
In a recent study, Vidal and Botto (207) showed that arranging particles in a square reticulated 
pattern (see the inset in Figure 5.8a) results in higher slip length values compared to uniform 
square packing. In their study, these authors assumed the particles to have a YLCA of 90 degrees 
and also ignored the effects of the AWI curvature in their calculations (i.e., the effects of 
hydrostatic pressure on AWI and so on slip length were ignored). In this section, we simulate slip 
length performance of these two particle spatial configurations under positive and negative 
hydrostatic pressures (AWI is not assumed to be flat). Our objective here is to see how coatings 
with reticulated-square particle packing and uniform-square particle packing compare to one 
another in terms of drag reduction performance. To do so, we obtained the 3-D shape of the AWI 
over coatings with reticulated particle arrangements under different positive and negative 
hydrostatic pressures and used them in our slip length calculations. We also simulated the 
coatings’ slip length at zero hydrostatic pressure (assuming a flat AWI) to be able to directly 
compare our numerical data with those in (207) before discussing our pressure-dependent slip 
length results. Here it should be noted that Vidal and Botto (207) used the following equation to 
calculate slip length, 
                                                     
2
dz
u
b
d u
dz 
                                                                          (5.10) 
Here 2
1u udxdy
L
  . The slip length values computed using the present method and that of 
Vidal & Botto (207) are within the margin of numerical errors (about 10%). We chose the 
method of calculating slip length using Eq. 5.6 because it is the same way an experimentalist 
would calculate slip length using a rheometer (92, 192, 206, 208). Moreover, when the pressure 
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is negative, the AWI may move above the / 2z d baseline, which renders the slip length 
calculations using Eq. 5.10 inaccurate.  
 
 
 
 
Fig. 5.8: Comparison of the normalized slip length values obtained from the present study with 
those reported by Vidal and Botto (207) for square and reticulated particle packing. The air–water 
interface is assumed to be flat for the results presented in this figure. For all these cases Re 0.45 . 
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from our simulations with those reported by Vidal and Botto (207) (flat AWI, and 
90YL o  ) versus pwA  which is the wetted area fraction definition based on the projected 
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ease meshing for the space between the particles for both the AWI tracking and slip 
length simulations, we had to consider a small gap ( 0.1d  ) between the particles (unlike 
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However, for the square particle packing we considered what was the similar to that of 
Vidal and Botto (207). The mismatch between our results and that of Vidal and Botto 
(207) for square particle packing was around or less than 10% i.e. within the margin of 
numerical errors. It can obviously be seen that reticulated particle packing results in 
significantly higher slip lengths compared to square particle packing but only for low pwA
values, as was also discussed by Vidal and Botto (207). 
 
Figure 5.9a compares the pressure-dependent drag reduction performance of two coatings having 
an identical SVF of 11.5% but with different particle arrangements of reticulated and square 
packing. It can be seen that the drag reduction advantage of the reticulated arrangement sharply 
declines as the hydrostatic pressure is increased from a negative suction pressure to a positive 
compression pressure. When calculating the wetted area fractions of these two coatings, it can be 
seen in Figure 5.9b that both coatings have identical wetted area fractions and they both increase 
as the pressure increases from negative suction pressure to a positive compression pressure (note 
that the wetted area fraction definition of Vidal and Botto (207) pwA , is only valid for 90YL o  in 
the absence of a non-zero hydrostatic pressure). It is also important to notice in Figures 5.9a and 
5.9b that the reticulated particle arrangement results in accelerated failure of the coating under 
pressure as the large open area between the particles is a weak point in resisting against 
hydrostatic pressure. A Cassie to Wenzel transition was observed in our simulations at 275hP 
Pa for the reticulated coating and 885hP  Pa for the coating with square particle packing (shown 
in Figure 5.9a with a dashed line). Likewise, the critical suction pressures for reticulated and 
square particle coatings were found to be about 775 Pa and 930 Pa, respectively. Predictions of 
Equation 5.7 are also added to Figure 5.9a for comparison. It can be seen that Equation 5.7 
105 
 
under-predicts the slip length for coatings with square particle packings but, it over-predicts the 
slip length of coatings with reticulated particle arrangements for hydrostatic pressure greater than 
-450 Pa and under-predicts the slip length for hydrostatic pressure smaller than -450 Pa. 
 
For completeness of our comparison, slip velocity along the AWI is shown in Figures 
5.9c – 5.9f for coatings with reticulated and uniform square particle packings under zero 
and 250 Pa pressures. It can be seen that the AWI curvature, caused by the positive 
hydrostatic pressure over the coating, tends to lower the slip velocity over the coating and 
therefore deteriorates the coating’s drag reduction performance. This effect however 
affects the performance of the coating with uniform particle distribution much less 
severely than it does to the coating with reticulated particles. Both the coatings with 
reticulated and square particle packing shows significant increase in slip length under 
negative suction pressure, although the slip length for coating with reticulated particle 
packing was significantly higher than the slip length for coating with square particle 
packing under negative suction pressure. Drag reduction performance of coatings with 
square or reticulated particle packings with YLCAs other than 90YL o   is qualitatively 
similar to those with 90YL o  but higher effective slip length values should be expected 
from more hydrophobic coatings. 
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Fig. 5.9: Comparison between drag reduction performance and wetted area fraction for coatings 
with different particle arrangements are shown in this figure (normalized slip length values for 
coatings with staggered and random particle arrangements are almost identical to those of 
coatings with square arrangement and so they are not shown). The air–water interface is simulated 
under pressure for the results presented in (a). The dotted line in (a) is added to indicate that the 
coatings with reticulated particles fail to remain dry for hydrostatic pressure smaller than -775 Pa 
and greater than about 275 Pa. Wetted area fractions are given in (b) as a function of pressure. 
Contours of slip velocity in the x-direction for a coating with square particles arrangements with 
(c) flat (zero pressure with an YLCA of 90 degree) air-water interface and (d) curved (arbitrary 
positive pressure of 250 Pa) air–water interface. Contours of slip velocity in the x-direction for a 
coating with reticulated particles arrangements with (e) flat (zero pressure with an YLCA of 90 
degree) air-water interface and (f) curved (arbitrary positive pressure of 250 Pa) air–water 
interface. Dark blue to dark red represents slip velocity from almost 0 to 0.0017 m/s . For all these 
cases Re 0.45 . 
 
 
 
5.7 Conclusions 
Effects of a granular coating’s microstructure (Young–Laplace contact angle, particle diameter, 
solid volume fraction, and particle spatial arrangement) on its drag reduction efficiency are 
studied within this paper. With all other parameters kept constant, better drag reduction results 
were obtained for coatings with lower solid volume fractions, higher YLCAs, or larger particles. 
It was also found that the drag reduction performance of submerged SHP coatings decreases with 
increasing hydrostatic pressure, in agreement with observation reported in the literature (78, 90, 
91, 201). However, under suction pressure (e.g., the Venturi effect) the drag reduction efficiency 
of a granular coating seems to increase monotonically with decreasing pressure, in contrast to 
coatings comprised of sharp-edged pores (92, 93). 
 
Our study revealed that the spatial distribution of the particles has no significant effect on 
drag reduction, except for the case of coatings with reticulated particle arrangement, for 
which some improvements were observed. This advantage however, tends to decay rather 
quickly with increasing pressure. Moreover, SHP coatings with reticulated particle 
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patterns tend to fail (transition to the Wenzel wetted state) under elevated hydrostatic 
pressures in comparison to their counterparts having square or staggered particle 
arrangements. 
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Chapter 6. Fibrous Liquid-Infused Surface with Trapped-Air for Drag Reduction 
 
6.1 Introduction 
Friction between a rough surface and a body of water may be reduced if the surface is made of a 
hydrophobic material and it has the ability to trap a layer of air between the peaks and valleys of 
its asperities (55, 56, 80, 84,191-194,212). A rough hydrophobic surface is often referred to as a 
superhydrophobic (SHP) surface if it exhibits a water contact angle of 150 degrees or more (84, 
192). A SHP surface can be produced by carving the required roughness into a hydrophobic 
smooth surface (texturing), or by depositing the roughness onto the surface in the form of a 
granular or fibrous coating (45, 50-52, 58, 61, 62, 78, 96, 214). Regardless, a submerged SHP 
surface may lose its air layer under excessive pressures and therefore transition from the Cassie 
(fully dry) state to the Wenzel (fully wetted) state. A wetted SHP surface can no longer produce 
a friction-reduction effect. The departure from the Cassie state can be caused by two main failure 
mechanisms. The first is the imbalance of mechanical forces acting on the air–water interface 
(AWI), which leads to instantaneous penetration of water into the air-filled pores of the SHP 
surface (45, 87, 203, 215, 216, 217, 218). The second cause of surface failure is the gradual 
dissolution of the entrapped air into the surrounding water as described in detail in many 
previous studies (94 - 100).  
 
It has been reported that one can produce a slippery surface by infusing the pores of a rough 
surface with a lubricant, and that such a surface can have a lower friction coefficient against 
when used for a more viscous fluid (102). While a liquid–infused surface (LIS) does not suffer 
from the air dissolution problem of the conventional SHP surfaces, it is still prone to failure due 
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to shear-induced lubricant drainage (104). In addition, the drag reduction benefit of a LIS surface 
is quite small if the working fluid (the fluid flowing over the surface) is less viscous than the 
fluid used as the lubricant. To improve the drag reduction performance of a LIS surface, Hemeda 
& Tafreshi (103) suggested to place a layer of air underneath the lubricant layer and supported 
their hypothesis with data from numerical simulation. The liquid–infused surface with trapped 
air (LISTA) design of Hemeda and Tafreshi (103) however, is prone to lubricant drainage, 
similar to the LIS surfaces (or perhaps even more prone). To help stabilize the lubricant in the 
LISTA design, here we propose to place fibers of different wetting properties in the lubricant and 
air layers; i.e., a  LISTA surface made of two layers of loosely-packed parallel fibers (fibers can 
potentially help to dampen the growth of instability waves in the lubricant layer). As shown in 
Figure 6.1, the top (lubricant-infused) and bottom (air-trapping) layers are expected to be made 
of oleophilic and oleophobic fibers, respectively. Making the LISTA surface from fibrous layers 
instead of microfabrication also reduces the cost of surface manufacturing. The working fluid 
and lubricant in our study are arbitrarily assumed to be water and n-Hexadecane. Obviously, 
more drag reduction can be expected from the proposed design if one considers a working fluid 
that is more viscous than the infused lubricant (we consider the case where achieving drag 
reduction is the hardest for demonstration).   
 
In the remainder of this chapter, we quantify the drag reduction performance of fibrous 
LISTA and study the effects fiber diameter or packing fraction of the fibers on the overall 
performance of the surface. This requires accurate information about the shape and 
position of the water–lubricant interface (WLI) and lubricant–air interface (LAI) as a 
function of hydrostatic pressure over the surface (Section 6.2). With the shape and 
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position of the WLI and LAI obtained, we then solve the Navier–Stokes equations for 
water outside the fibrous LISTA and the infused lubricant inside it (Section 6.3). This 
information is then used to quantify the effects of microstructural parameters of the 
fibrous LISTA coatings (e.g., fiber diameters, porosity, contact angles, thickness of 
lubricant layer) on their drag reduction performance (Sections 6.4 and 6.5). 
 
 
Fig. 6.1: Schematic representation of FLISTA made of parallel fibers in random arrangement. 
Maroon circles represent the oleophilic fibers and brown circles represent the oleophobic fibers. 
 
 
6.2 Interface Tracking 
As was mentioned earlier in Section 6.1, our study here is focused on analyzing the drag 
reduction performance of fibrous LISTA coatings comprised of two layers of parallel fibers with 
different wetting properties (see Figure 6.1). The coatings are considered to be submerged in 
water (working fluid), and the flow is assumed to be in a direction transverse to the fibers in a 
shear (or channel) flow configuration. In this section, we present a force balance approach to 
predict the shape of the above–mentioned WLI and LAI for any combinations of fiber diameters 
or contact angles and to track their penetration into the coating under elevated hydrostatic 
pressures.  
water
lubricant
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We describe our interface tracking algorithm using an ordered arrangement of fibers in each 
layer (see Figure 6.2a) for the clarity of the presentation, but we then move on to the case of 
fibers with random arrangements. The equilibrium shape and position of WLI and LAI depend 
on the hydrostatic pressure hP , fiber diameter fd , horizontal distance between the fibers in a row 
s , vertical distance between the fibers in a column h , contact angle of water with fibers W , 
contact angle of lubricant with fibers L , surface tension between water and lubricant WL , and 
surface tension between lubricant and air LA . The solid volume fraction (SVF) for the ordered 
arrangement of fibers discussed here can be defined as 2 / 2fd hs  . Assuming WLI and LAI to 
be circular arcs (95), one can consider the forces acting on WLI to relate the hydrostatic pressure 
hP to the radius of curvature of WLI WR and that of LAI LR , i.e.,  
                                                     WLLAh
L W
P
R R
                                                                         (6.1) 
One can also write an equation for the relationship between WR  and LR  in terms of their 
corresponding immersion angles W  and L as (87), 
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Fig. 6.2: WLI and LAI in a unit cell of FLISTA coating with ordered fibers under hydrostatic pressure (a) 
1200 PahP   and (b) 1600 PahP  . Note that, WLI and LAI touches the fiber underneath them at 
1600 PahP  . Here, 20 μmfd  , 100 ,oW L   100 μms   and 80 μmh  . 
 
Note that as the lubricant is incompressible, its volume remains constant regardless of how WR  
and LR  vary with hydrostatic pressure or fiber properties. More specifically, considering the 
volume of the lubricant displaced due to WLI and LAI sagging under pressure (relative to when 
there is no pressure), one can write (see Figure 6.2a), 
                                                           W LA A                                                                           (6.3) 
where,  
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and  
         
 
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 
   (6.4b) 
WR , W , LR , and L  can be obtained for any hydrostatic pressure by solving Eqs. 6.1–6.4. 
Obviously, increasing the hydrostatic pressure results in WLI and LAI penetrating deeper into 
the coating, and at some pressure, the WLI and LAI will come into contact with fibers 
underneath them as shown in Figure 6.2b. In that case, Eqs. 6.1, 6.2, and 6.4 will change to a 
more general form as given below. 
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These equations can numerically be solved (e.g., using Mathematica) to obtain the AWI and LAI 
profiles for the given pressure.  
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With surface tension for water and n-Hexadecane being WA = 0.072 N/m and LA = 0.027 N/m, 
respectively, we estimated the water–lubricant surface tension to be WL =0.045 N/m using 
Antonoff’s rule (219) WL WA LA    .  
 
Figure 6.3 shows a flowchart created on the basis of the above equations for tracking the fluid–
fluid interfaces among fibers with random arrangements. For the case of random fiber 
arrangements, one has to compute the shapes and positions of the multiple fluid–fluid interfaces 
throughout the domain (unlike the case of fibers in ordered arrangement). Here we assumed the 
fibers in the top layer of the coating be at the same height from the substrate but randomly 
distributed in the horizontal direction. The shapes and positions of WLIs and LAIs are computed 
iteratively starting with an initial guess for WR  and LR for a given hydrostatic pressure. WLN  and 
LAN  in the flowchart denote the number of WLIs and LAIs in the domain, respectively. We 
denote the number of fibers at the top layer of the coating and at the bottom of the lubricant layer 
by 1fN  and 2fN , respectively. We start with assuming 1 1WL fN N   and 2 1LA fN N  , but 
update these numbers if WLIs and LAIs come into contact with a new fiber as they intrude into 
the coating under pressure. Note that different fluid–fluid interfaces experience different degrees 
of deflection and depth of penetration depending on the local arrangement of the fibers. The 
schematic diagrams in the inset in Figure 6.3 graphically describe the above mentioned WLI 
deformation and intrusion. Also note that, the total water volume change and total lubricant 
volume change should be calculated and updated every time WLI, and therefore LAI, are 
updated. The inset in the Fig. 6.3 shows an example of water volume change for fibers with 
random arrangements. In this case, the total water volume change WA  is the sum of ,1WA  and 
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,2WA . Here, ,2WA  is calculated using Eq. 6.4a and ,1WA  is calculated numerically. Similarly, 
the total lubricant volume change is calculated. As can be seen in the flowchart in Figure 6.3, the 
value of LR  is updated until the total water volume change becomes equal to the total lubricant 
volume change. At the end, WR  and LR  must satisfy Eq. 6.1. 
 
 
 
Fig. 6.3: Flow chart for the algorithm for computing shapes and positions of the WLIs and LAIs for a 
FLISTA coating made of parallel fibers in random arrangement. The inset in the Figure shows schematic 
representation of the water volume changes at two different segments of the FLISTA coating. 
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Fig. 6.4: (a) Tracking of WLI and LAI in a FLISTA coating made of parallel fibers in random 
arrangement at 10,  100, 200, 350 PahP  . (b) Tracking of WLI and LAI in a FLISTA coating made of 
parallel fibers in ordered arrangement at 10,  250, 500, 800, 1100 PahP  . Here, 20 μmfd  , 
100oW L    and SVF 0.05 . For the FLISTA coating with ordered arrangement of fibers 160 μms  . 
 
Figure 6.4 shows examples of our coupled WLI–LAI interface tracking produced for 
FLISTA coatings comprised of random and ordered fibers with fiber diameter 20 μmfd  , 
SVF 0.05   and YLCAs 100oW L   . Figure 6.4a shows the intrusion of the WLI and 
LAI into the FLISTA coating comprised of random arrangement of fibers as the pressure 
hP  increases from 10 Pa to 350 Pa. Figure 6.4b shows the same for the FLISTA coating 
comprised of ordered arrangement of fibers as the pressure hP  increases from 10 Pa to 
1100 Pa. 
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6.3 Slip Length Calculation 
Once the radius of curvature and the immersion angle for WLI and LAI are calculated, the flow 
field inside the water, lubricant, and air domains can be simulated by solving the Navier–Stokes 
equations (Eqs. 6.7–6.8) for each phase using the ANSYS Fluent package.   
                                                                  0i
i
u
x
                                                                        (6.7) 
                                                       
2
i i
j
j i j j
u uPu
x x x x
                                                             (6.8) 
Here iu  is the velocity component  1,2i  , ix  is the Cartesian coordinate directions,   is fluid 
density (water, lubricant, or air in their corresponding domains), P is pressure, and   is fluid 
viscosity (water, lubricant, or air in each domain). In the present study, it is assumed that the 
fluid–fluid interfaces do not deform due to the influence of fluids motion (one-way coupling), 
which is a reasonable assumption given a Capillary number of 1Ca  (see Aziz and Tafreshi 
[220] for more detailed discussion about importance of Capillary number in the context of a 
shear flow over superhydrophobic surfaces). The boundary conditions for a fluid at the interface 
with another fluid are that the tangential velocities and the shear stresses should be matching, and 
the normal velocities should be zero. For the WLI, instance for, we have:  
                                                           ˆ ˆ. .W Lu t u t                                                                          (6.9) 
                                                           ˆ ˆ. . 0W Lu n u n                                                                   (6.10) 
                                                          W L                                                                              (6.11) 
where,  u  is the velocity vector,   is the tangential shear stress, nˆ  and tˆ  are the normal and 
tangential unit vectors to the WLI. Following the approach of Gruncell et al. (221), each 
interface is modelled with two overlapping solid boundaries, one wall for each fluid.  
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Figure 6.5a describes our shear-flow simulation domain schematically. Periodic boundary 
conditions (PBCs) are considered for each phase in the streamwise direction. The computational 
domain was meshed using quadrilateral mesh refined near the fibers, WLI, and LAI. For each 
fluid–fluid interface, the velocity is first calculated in the domain having a higher viscosity and it 
is then used as a boundary condition for the domain with the lower viscosity. For the shear stress 
calculation however, we reversed this order as suggested by Gruncell et al. (221). The above 
steps are repeated in every iteration until a converged solution is obtained.  
 
 
Fig. 6.5: Schematic representation of the computational domain for Couette flow over FLISTA coating 
made of parallel fibers in ordered/staggered arrangement. (a) Computational domain including the LAI. 
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(b) Computational domain with symmetry boundary condition approximated the LAI. Here, PBC denotes 
periodic boundary condition. 
 
 
To reduce the size of the computational domain (and accelerate the speed of 
convergence), we examined the possibility of removing the air domain from the 
simulations and instead treating the LAI as a symmetry boundary (see Figure 6.5b). No 
significant difference was observed between the drag-reduction gain obtained from 
simulations conducted in the domain shown in Figure 6.5a and that obtained from the 
domain shown in Figure 6.5b. This was in fact expected as the air viscosity is much 
smaller than that of n-Hexadecane, i.e., air makes no significant resistant to flow field in 
the lubricant layer. The simulation results reported in this paper were therefore obtained 
using a symmetry boundary condition along the LAI. We also conducted a grid-
independence study to ensure the suitability of the mesh size considered for the 
simulations. This study was performed at a hydrostatic pressure of 500 PahP  , a fiber 
spacing of 160 μms  , a fiber diameter of 20 μmfd  , and with 80 μmh  , 200 μmH  , 
100oW L   , 10 mm/spU  , and a lubricant-to-water  viscosity ratio of / 3L WN    . 
Negligible relative error was observed for simulations conducted with a mesh size smaller 
than / 25fd  . 
 
6.4 Results and Discussion 
In this section, we present our numerical simulation results obtained for to study the effects of 
microstructural parameters of a FLISTA coating (e.g. fiber diameter, fiber contact angle, fiber 
spacing) on its ability to generate a slip effect for a moving fluid (often quantified using the so-
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called effective slip length) under different hydrostatic pressures. Following the work of Choi 
and Kim (192) or Srinivasan et al. (204), here we define effective slip length as, 
                                                               1ns
s
b H
    
                                                            (6.12) 
where, s and ns  are the shear stress exerted onto the upper plate in our shear-flow geometry 
with and without the slip-generating coating as the bottom surface, respectively.  
 
Figure 6.6a shows an example of our flow field calculations conducted for water and lubricant 
(the WLI is shown in the figure with a black solid line) under three different hydrostatic 
pressures. Here solid volume fraction (SVF) of the coating is 0.05  . Figure 6.6b shows slip 
length versus pressure for the LISTA coating with random fibers shown in Figure 6.6a.  It can be 
seen that, unlike the case of a conventional SHP surfaces, the effective slip length generated by a 
FLISTA coating increases with increasing hydrostatic pressure. This is a significant effect (a 
unique attribute of the FLISTA design), as the slip length of most SHP surfaces deteriorate under 
increased hydrostatic pressures (208,209, 212, 220). The reason for slip length not declining in a 
FLISTA design is as follows. Slip length depends on the shear stress and slip velocity on an 
imaginary plane at the top of the coating (212). At a smaller scale, slip length depend on the drag 
force acting on the fibers adjacent to water. These fibers are immersed partly in water and partly 
in the lubricant (n-Hexadecane), and so the total drag force on them consists of the drag force 
exerted by water and that exerted by the lubricant. As the WLI penetrates deeper into a coating 
under pressure, the area of these fibers wetted by water increases relative to that wetted by the 
lubricant. Therefore, the total drag force acting on these fibers decreases with the increase of 
pressure since the viscosity of water is smaller than that of lubricant (222). As a result, the 
effective slip length increases with increasing hydrostatic pressure. Figure 6.6a shows contours 
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of x-velocity in the water and lubricant adjacent to the WLI for a coating with a fiber diameter of 
20 μmfd  . It can be seen that slip velocity increases as pressure increases from 10 Pa to 350 Pa 
(show in red color) which results in an increase in coating’s slip length.  
 
Fig. 6.6: (a) Contours of the x-velocity in the oil domain and in the water domain adjacent to the 
WLI at different pressures for FLISTA coating with random arrangement of fibers. Blue to red 
represents the x-velocity from -0.05 mm/s to 1 mm/s. (b) Effects of hydrostatic pressure on slip 
length for FLISTA coating with random fibers. Here, 10 mm/s,pU   100 ,oW L    SVF 0.05,  
3N   and 20 μmfd  . 
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The main objective of the present work is to investigate the effect of hydrostatic pressure, 
fiber diameter, fiber spacing, YLCAs of the water and lubricant and viscosity of the 
lubricant on the drag reduction performance of the FLISTA coating. Although it is more 
realistic to perform flow simulations for FLISTA coating with random arrangement of 
fibers, it is more than what is needed. These simulations are also time consuming. This 
parametric study can also be performed using the FLISTA coating having ordered 
arrangement of fibers (see Fig. 6.2) with significant savings in CPU time. It is also more 
convenient to control the fiber spacing for the FLISTA coating with ordered arrangement 
of fibers. All the results presented in the rest of the chapter are obtained from flow 
simulations for FLISTA coating having ordered arrangement of fibers. 
 
6.4.1 Effects of Hydrostatic Pressure and Fiber Diameter 
A FLISTA coating with an ordered/staggered fiber arrangement is considered in this subsection. 
Contact angles and solid volume fraction ( 2 / 2f Ld h s  ) are assumed arbitrarily to be 0100W  , 
0100L  , and 0.05. Figure 6.7a shows numerical results for coating’s effective slip length versus 
hydrostatic pressures for coatings comprised of fibers with different diameters. 
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Fig. 6.7: (a) Effect of hydrostatic pressure hP  on slip length for different values of fd  for FLISTA having 
ordered arrangement of fibers. (b) Contours of the x-velocity in the oil domain and in the water domain 
adjacent to the WLI. Blue to red represents the x-velocity from -0.03 mm/s to 0.75 mm/s. (c) Effect of hP
on normalized average slip velocity. (d) Effect of hP on normalized average shear rate. Here, 
10 mm/s,pU  200 μm,H  100 ,oW L   80 μm,h  3N   and SVF = 0.05 . 
 
It can be seen in Fig. 6.7a that the effective slip length generated by a FLISTA coating having 
ordered arrangement of fibers increases with increasing hydrostatic pressure up to a point (500 
Pa) after which it remains invariant with pressure which is qualitatively similar to the results 
discussed in the previous section for the FLISTA coating having random arrangement of fibers. 
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The reason behind the increase of slip length with hydrostatic pressure has already been 
discussed in the previous section. Note how the WLI penetrates deeper into the coating and 
comes into contact with the fiber below the first layer as pressure increases (the contact takes 
place at a hydrostatic pressure of about 700 Pa in the case shown in Figure 6.7b). It is also 
interesting to note in Figure 6.7a that slip length does not change with pressure for the coating 
comprised of fibers with a diameter of 10 μmfd  . This is because for the range of hydrostatic 
pressures given in this figure, WLI profile does not change significantly for the case of 
10 μmfd  . Note that fiber–fiber spacing increases with increasing fiber diameter (when SVF is 
kept constant), and this makes WLI deflection more sensitive to pressure. For instance, the WLI 
penetrates into the coating deep enough to reach the fibers in the second row at a hydrostatic 
pressure of 150 Pa when the fiber diameter is 30 µm but the same thing does not happen for 
pressures less than about 700 Pa if the coating is made of fibers with a diameter of 20 μmfd  . 
For the same exact reason, slip length increases with the increasing fibers diameter (for a fixed 
SVF) as can be seen in Figure 6.7a. This can be explained with the help of average slip velocity 
s
u  and average of the shear rate 
.
s
 at the aforementioned imaginary plane right above the top 
surface of the coating, i.e.,  
                                                       1 ,su u x y r dxL                                                       (6.13) 
                                                       
.
s
y r
d u
dy


                                                                    (6.14) 
As can be seen in Figures 6.7c-6.7d, average slip velocity is higher and average shear rate 
is lower for coatings made of larger fibers (having an identical SVF). 
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6.4.2 Effects of Fiber Spacing and Lubricant Layer Thickness 
In this section, we consider FLISTA coatings having a fiber diameter of 20 μmfd  and contact 
angles of 100oL W    but with different fiber spacing values to study how horizontal fiber–
fiber spacing affects slip length. We also consider two different hydrostatic pressures of 
10 PahP  and 1100 PahP  , in a unit cell with a width of 80 μmh  .  
 
 
 
Fig. 6.8: (a) Effect of s  on slip length for FLISTA having ordered arrangement of fibers. (b) Contours of 
the x-velocity in the oil domain and in the water domain adjacent to the WLI. Blue to red represents the x-
velocity from -0.06 mm/s to 1 mm/s. Here, 10 mm/s,pU  200 μm,H  100 ,oW L   80 μm,h   
20 μmfd   and 3N  . 
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As can be seen in Figure 6.8a, slip length increases monotonically with increasing horizontal 
fiber spacing. This is because increasing the horizontal fiber–fiber spacing increases the porosity 
of the coating and so decreases the contact between the working fluid and the frictional solid 
surfaces (fibers). This effect is shown graphically in Figure 6.8b using velocity contour plots for 
two different fiber–fiber spacing and under two different pressures. Note also that, WLI 
penetrates deeper into the coating when horizontal fiber-fiber spacing is increased. This increases 
the fraction of the fibers’ surface in contact with water (less viscous) relative to the fraction in 
contact with lubricant (more viscous), and thereby reduces the overall friction between the fibers 
and the fluids involved.  
 
 
Fig. 6.9: Effect of lubricant layer thickness l on slip length for FLISTA having ordered arrangement of 
fibers. Here, 10 mm/s,pU   200 μm,H   100 ,oW L    80 μm,h   160 μm,s   3N   and 
20 μmfd  . 
 
 
Figure 6.9 compares the performance of two coatings with different lubricant-layer 
thicknesses (but identical properties otherwise) under different hydrostatic pressures. It 
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can be seen that for the range of parameters considered, thickness of the lubricant layer 
has no measurable effect on slip length. Note that these results are obtained for a steady-
state shear flow with the upper wall moving with a constant speed. For such a flow 
condition, the velocity field in the water phase will not strongly depend on the thickness 
of the lubricant pool (although the time needed to reach a steady-state condition does). 
This is because velocities deep in the lubricant layer become quite small relative to those 
near the WLI. Also note that increasing the thickness of the lubricant layer does not affect 
the shape or position of the WLI as can be seen in the inset figures in Figure 6.9. 
 
6.4.3 Effects of Water and Lubricant YLCAs 
In all the cases discussed in the previous subsections it was assumed that YLCAs W  and 
L  were equal. But in reality their values can be different from each other. The contact 
angle of a lubricant in a solid-water-lubricant system is different from the contact angle of 
the same lubricant in a solid-air-lubricant system (223, 224). In this subsection, we 
consider different combinations of W  and L  values to study their effects on the slip 
length for FLISTA coating. It can be observed in Fig. 6.10a that slip length does not 
change with L  when W  is kept constant. On the contrary, the effective slip length 
increases with the decrease of W . The WLI penetrates into the coating with the decrease 
of W . Therefore, the area of the top layer of fibers wetted by water increases whiles the 
area of the fibers in this layer wetted by high viscous lubricant decreases. The total drag 
force on the top layer of fibers decreases and slip velocity increases (see Fig. 6.10b) with 
the decrease of W  which results in increase in slip length. The areas of the top layer of 
fibers wetted by water and lubricant do not change with the change of L . Thus, the slip 
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velocity as well as slip length do not change with the change of L . L  only affects the 
stability of the lubricant layer. 
 
Fig. 6.10: Effects of W  and L  on slip length for FLISTA having ordered arrangement of fibers. 
(b) Contours of the x-velocity in the oil domain and in the water domain adjacent to the WLI at 
10 PahP  . Blue to red represents the x-velocity from -0.03 mm/s to 0.75 mm/s. Here, 
10 m/s,pU   200 μm,H   80 μm,h   160 μm,s   3N   and 20 μmfd  . 
 
 
 
6.4.4 Effects of Gap Height 
It is expected that slip length will depend on the gap height H . The shear rate in the gap 
depends on the gap height H . We compute slip length for three different values of H  to 
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study its effect on slip length and present the results in Fig. 6.11. It is observed that the 
slip length increases when H  is increased from 50 μm  to 200 μm . It is because higher H  
is associated with lower shear rate. However almost no change in slip length is observed 
when H  is increased from 200 μm  to 1000 μm . It seems slip length becomes independent 
of shear rate when the shear rate becomes smaller than a threshold value. Similar 
observation on the dependence of slip length on the gap height H  for superhydrophobic 
surfaces was previously made by Vidal and Botto (207). 
 
Fig. 6.11: Effects of gap height H  on slip length for FLISTA coating having staggered 
arrangement of fibers. Here, 10 m/s,pU   100 ,oW L    80 μm,h   160 μm,s   3N   and 
20 μmfd  . 
 
 
6.4.5 Effects of Lubricant Viscosity 
Drag force on the fibers of the coating and slip length depend on the viscosity of the 
lubricant. We compute the slip length for flow over FLISTA coating for two different 
lubricant viscosities and present the results in Fig. 6.12a. It shows that slip length 
decreases with the increase of lubricant viscosity. Although the area of the part of the top 
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layer of fibers wetted by the lubricant does not change with the change of lubricant 
viscosity, the drag force on this part increases with the increase of lubricant viscosity 
which results in increase in the total drag force on the top layer of fibers. Figure 6.12b 
shows that slip velocity increases with the decrease of lubricant viscosity at 10 PahP  . As 
a result slip length increases with the decrease of lubricant viscosity. 
 
 
Fig. 6.12: (a) Effects of lubricant viscosity L  on slip length for FLISTA having staggered 
arrangement of fibers. (b) Contours of the x-velocity in the oil domain and in the water domain 
adjacent to the WLI at 10 PahP  . Blue to red represents the x-velocity from -0.025 mm/s to 0.8 
m/s. Here, 10 mm/s,pU   100 ,oW L    80 μm,h   160 μms   and 20 μmfd  . 
 
6.5 Conclusions 
Drag reduction performance of FLISTA coating and the effects of different parameters 
(pressure, lubricant property, fiber diameter, fiber spacing, fiber arrangement) on the drag 
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reduction performance of the coating have been presented in this paper. It is found that 
slip length for FLISTA coating increases with the increase of hydrostatic pressure unlike 
superhydrophobic surfaces and this is a major advantage of the FLISTA coating. This is 
true for both the FLISTA coatings having ordered and random arrangement of fibers. Slip 
length mainly depends on the fiber diameter, fiber spacing at the top layer of fibers, W , 
L  and gap height at smaller gap height for FLISTA. It strongly depends on the 
arrangement of the top layer of the fibers. Slip length does not change with the change of 
thickness of the lubricant layer and L . L only affects the stability of the lubricant layer. 
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Chapter 7. Overall Conclusion 
 
A series of investigations on the droplet-fiber interactions has been presented in this thesis. 
Experiments and numerical simulations were devised to find the effects of fiber properties 
(diameter and YLCA) and liquid properties on the interaction of a liquid droplet with a single 
fiber and a system of multiple fibers. Our work on droplet interaction with a fiber was focused on 
the detachment time and the droplet residue left on the fiber after droplet detachment. It was 
found that residue volume decreases with increasing fiber YLCA or droplet viscosity (in a 
viscosity range of 1–5.5 mPa s). Moreover, residue volume was found to increase with 
increasing fiber diameter (for a fixed YLCA) but remained almost independent of droplet 
volume. Droplet detachment time was found to increase with droplet volume or fiber diameter 
but remained unaffected by increasing droplet viscosity in 1–5.5 mPa s range. Detachment time 
was also found to decrease with increasing YLCA of the fiber. Then we investigated the 
droplet/liquid bridge between two fibers in parallel and orthogonal configurations. Our 
experiments and numerical simulations show that the shape of the liquid bridge and its 
interactions with the fibers vary significantly with varying the spacing between the fibers. It was 
found that the fiber-fiber spacing corresponding to bridge detachment, detachment force and 
destination of the droplet resulted from the bridge detachment was independent of the relative 
angle between the fibers. It was also shown that the liquid bridge detaches from the fiber that 
provided a weaker capillary force (after factoring the weight of the liquid), and the force needed 
for detachment did not strongly depend on the size or the YLCA of the other fiber (as long as it 
provided a larger capillary force, of course). A mathematical criterion was developed to predict 
which of the two fibers accommodating a liquid bridge would take the droplet that was resulted 
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from the bridge detachment. We also investigated the wetting behavior of a droplet deposited on 
a fibrous coating. The numerical simulations conducted in this work indicate that apparent 
contact angles of a droplet can be increased by decreasing the diameter of the fibers in the 
coating for a given fiber spacing (fiber count per unit length). Similarly, it was shown that 
increasing the fiber spacing, up to a critical value, can also help to increase the contact angles on 
a coating with a given fiber diameter. However, droplet contact angle can exhibit considerable 
fluctuations with varying fiber spacing. Considerable differences was observed between droplet 
contact angles on orthogonally layered and parallel-fiber coatings, i.e., a droplet may achieve 
higher contact angles on a coating with orthogonal fibers. Analytical expressions are derived to 
predict the condition in which a droplet may depart from the non-wetting Cassie state by 
partially or completely wetting the coating below it. 
 
Regarding drag reduction performance of granular and fibrous coatings, we first performed 
numerical simulations to investigate the drag reduction due to superhydrophobic granular 
coatings. With all other parameters kept constant, better drag reduction results were obtained for 
coatings with lower SVF, higher YLCAs or larger particles. It was also found that the drag 
reduction performance of submerged SHP coatings decreased with increasing hydrostatic 
pressure. However, under suction pressure (e.g., the Venturi effect) the drag reduction efficiency 
of a granular coating seems to increase monotonically with decreasing pressure, in contrast to 
coatings comprised of sharp-edged pores. At the end, the drag reducing performance of fibrous 
liquid infused surface with trapped air (FLISTA) made of layers of parallel fibers was 
investigated. The results from our numerical simulations show that drag reduction performance 
of FLISTA increases with increasing hydrostatic pressure up to a point after which it remains 
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invariant with pressure unlike the case of conventional superhydrophobic surfaces. It also 
increases with the decreasing SVF or increasing fiber diameter with all other parameters kept 
constant. However, it decreases with the increasing lubricant viscosity. 
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Appendix A: Supporting Information for Chapter 2 
Appendix-A-1: Measuring Fibers’ YLCA: 
A simulation–experiment approach was used to obtain an YLCA for fibers used in our 
experiment. In this method, a ferrofluid droplet with a known volume was placed on the fiber 
and imaged. The same droplet–fiber system was then simulated using Surface Evolver code 
(119) but for fibers with different YLCAs. The simulated droplets were compared with the one 
imaged experimentally to assign an YLCA to the fiber. This process was repeated several times 
and for the ferrofluid droplets of different volumes to ensure the reliability of the YLCA 
prediction. Figure A1 shows an YLCA of around 65o for ferrofluid on a fiber with a radius of 
264 µm. 
 
Fig. A1: Comparison between ferrofluid droplet profiles (under gravity) from simulation and experiment 
for droplets with volumes 4 μL 9.3 μLV  on a fiber with a radius of 264 µm (see also Amrei et al. 
(38)). 
 
 
We also compared the shape of the droplet observed from the longitudinal direction from 
simulation with that from experiment for a few cases to confirm the accuracy of our YLCA 
measurements (see Figure A2). 
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Fig. A2: Comparison between droplet profile from simulation and experiments from the transverse and 
longitudinal views under gravity for 191 μmfr   and 65oYL  . 
 
Appendix-A-2: Viscosity Measurement 
Viscosities for ferrofluid and ferrofluid-glycerol mixtures were measured with a Discovery HR–
3 hybrid rheometer. Both the ferrofluid and ferrofluid-glycerol mixtures behaved like a 
Newtonian fluid. The flow curve for ferrofluid with 15% glycerol (by weight) is shown below as 
an example. 
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Fig. A3: Flow curve obtained from rheometer for ferrofluid with 15% glycerol. An almost linear 
relationship between shear stress and shear rate can be observed. 
 
Appendix-A-3: Shape of the detached droplet  
The shape of the detached droplet was assumed to be symmetric about the z-axis. This was 
confirmed by imaging the detached droplet from the transverse and longitudinal directions for a 
few droplet-fiber cases. 
 
Fig. A4: Longitudinal and transverse views of the detached part of the droplet for two different droplet-
fiber systems. 
 
Appendix-A-4: Neck Diameter and Detachment Force Measurement for Fishing Line 
Neck diameter at each time instant was measured using high-speed imaging for each case. Figure 
A5a shows the change of neck diameter (normalized with fiber radius) with time for droplets of 
different volume during the detachment from a fiber with radius 191 µm and YLCA 65o. We also 
measured the detachment force for each case. It can be seen in Fig. A5b that detachment force 
per unit mass of the droplet decreases with the increase of YLCA as well as with the increase of 
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droplet volume. Figure A5c shows how the droplet shape at the detachment initiation moment 
changes with YLCA when fiber radius and droplet volume is kept constant. Detachment force 
changes with the change of fiber radius too. Figure A5d shows that the detachment force per unit 
mass of the droplet decreases with the increase of fiber radius for a fixed YLCA. 
 
Fig. A5: (a) Neck diameter vs. time for droplets of different volumes during the detachment from a fiber 
with a radius of 191 µm and an YLCA of 65o. (b) Effects of YLCA on the detachment force per unit mass 
of the droplet. (c) Final equilibrium (right before spontaneous detachment) shape of droplets with a 
volume of 3 506fV r   on fibers with different YLCAs. (d) Droplet detachment force per unit droplet 
mass for fibers with two different radii. 
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Appendix-A-5: Experiment with Copper Wire  
The droplet detachment experiment was also performed using copper wires with different radius 
but an YLCA of about 50o (Fig. A6). The conclusions drawn from experiments with copper wire 
were similar to those reported in the paper from experiment with fishing line. 
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Fig. A6: (a) Effects of fiber radius on T fd r  and T fh r  for droplet detachment from copper wires with 
different diameters but an YLCA of 50o. (b) Droplet profiles just before the detachment from copper 
wires for a droplet dimensionless volume of 3/ 507fV r  . (c) Transverse contact angle recT  vs. droplet 
volume. (d) Residue volume on copper wires vs. droplet volume. The inset images show the residue on 
wires with a radius of 162 µm and 259 µm with YLCA 50o. (e) and (f) are droplet detachment force per 
unit mass and droplet detachment time from wires, respectively.  
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Appendix B: Supporting Information for Chapter 3 
Appendix-B-1: Effect of Fiber-Fiber Spacing on Capillary Force: 
Figure 3.6 in the chapter 3 can be explained using Eq. 3.8 which indicates that the force acting 
on a fiber depends on length of the contact line L , immersion angle  , projected wetted area of 
the fiber pA , Laplace pressure P , and the volume of the immersed part of the fiber i.e. bV . It 
can be seen in Figs. B1a-B1e (in the next page) that uL , uavg , upA , uP  and ubV  decrease with 
increasing fiber spacing which results in an increase in uF  (according to Figs. 3.6a-3.6b in 
chapter 3). It was observed that the force lF acting on the lower fiber also increases with 
increasing s  (see Fig. 3.6c in chapter 3).  lF  is always smaller than uF , and the difference 
between them is the weight of the liquid bridge. It is also interesting to note that   changes 
significantly along the contact line for both the upper and lower fibers (see Fig. B1f). 
 
It can be seen in Figs. 3.6a and 3.6b of the chapter 3 that uF  just before the start of the dynamic 
detachment process is same for parallel and orthogonal configurations, although the evolution of 
uF  with spacing is different for parallel and orthogonal configurations (spontaneous detachment 
process started at 2400 μms   for both configurations). The reason behind this was that the 
values of uL , u , upA , uP  and ubV  were identical for both configurations at 2400 μms  . This 
indicates that the shape of the wetted area, contact length, and apparent local contact angle on the 
upper fiber don’t depend on the orientation of the lower fiber.  
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Fig. B1: (a) Length of contact line L  (non-dimensionalized by 4 fr ) versus fiber spacing for two fibers 
in parallel and orthogonal configurations. (b) avg  versus fiber spacing. Normalized pA , normalized P  
and normalized bV  versus fiber spacing are given in (c), (d), and (e) respectively. (f)   along the contact 
(a) (b)
(f)
(c) (d)
(e)
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line for / 12.6fs r  . For all the cases 190.5 μmfr  , 70oYL  , and 3/ 506.27l fV r  . The liquid used for the 
experiment was water-glycerol (15% by weight) mixture. 
 
 
Appendix-B-2: Detachment Force between Two Fibers having Same Properties: 
 
(e)
(a) (b)
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Fig. B2: (a) Length of contact line at the onset of detachment dL  (non-dimensionalized by 4 fr ) versus 
droplet volume. (b) ,avg d  versus droplet volume. Normalized dP , normalized ,p dA , and normalized ds  
versus droplet volume for different YL  values at 190.5 μmfr   are given (c), (d), and (e) respectively. 
Here, the subscript d indicates the values at the onset of the detachment. The liquid used for the 
experiment was water-glycerol (15% by weight) mixture. 
 
 
The values of udL , ,uavg d , udP , ,up dA  and ds  are computed for both the parallel and orthogonal 
configurations for all the cases shown in Fig 3.8a in the chapter 3 and they are presented in Figs. 
B2a–B2e here. It can be observed that udL , ,uavg d , udP , ,up dA  and ds  are the same for parallel and 
orthogonal configurations in all the cases. This again indicates that the detachment force between 
the liquid bridge and a fiber depends on the shape of the liquid bridge in the vicinity of that fiber 
(top fiber in the present case) which depends on fr , YL  and lV  irrespective of the configuration 
of the fibers, as long as the fiber is moved slowly (quasi-static process). We also calculated ldL , 
,
l
avg d , ldP , ,lp dA  for the lower fiber for all the cases mentioned above and noted that they did not 
depend on fiber configuration when the droplet volume and fiber properties were fixed (see Fig. 
B2). It was also clear that the detachment force increased with decreasing YL . The adhesive force 
between the liquid bridge and the fiber increases with decreasing YL  (171). It is therefore 
expected that the force required to detach the liquid bridge from the upper fiber will increase 
with decreasing YL . Parameters dL , ,avg d , dP , ,p dA  and ds  were also computed for the cases 
shown in Fig. 3.8b in chapter 3,  but not reported as they were identical for the parallel and 
orthogonal configurations. Figure 3.8b also shows that detachment force increases with 
increasing fiber radius fr  (because udL  increases and ,uavg d  decreases with fr ). This is in 
agreement with the previous work of Farhan and Tafreshi (171) on pendant droplet detachment. 
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Appendix-B-3: Detachment Force between Two Fibers having Different Properties: 
It can be seen in Fig. 3.9b in the chapter 3 that the detachment force is same for parallel and 
orthogonal configurations even when the upper and lower fibers have different properties. This 
can be explained with the help of Figs. B3a-B3e. It can be seen that the parameters udL , ,uavg d , 
u
dP , ,up dA  and ds  is same for parallel and orthogonal configurations in all the cases where upper 
and lower fibers have different properties. Figures B3a-B3e also show that the parameters udL , 
,
u
avg d , udP  and ,up dA  do not change significantly with the change in properties of the lower fiber 
when the properties of the upper fiber is fixed except for 3 1703.23ul fV r  . 
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Fig. B3: (a) Length of the contact line on upper fiber udL  (non-dimensionalized by 4 ufr ) versus droplet 
volume. (b) ,uavg d  versus droplet volume.  Normalized udP , normalized ,up dA , and normalized ds  versus 
droplet volume for upper and lower fibers having different properties are given in (c), (d), and (e). For all 
the cases 105.5 μmufr   and 55u oYL  . The liquid used for the experiment was water-glycerol (15% by 
weight) mixture. 
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